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REMARKS 

I. Status of the Claims 

Claims 1-21 , 23, and 27-29 are pending. Claims 19-21 are allowed. Claim 1 has 
been amended to replace a period (".") with a semicolon (";") before the last paragraph. 
Claims 16-18 and 28 has been amended to place them in independent form. Support 
for this amendment can be found in original claim 1 and the specification. Claim 26 has 
been cancelled without prejudice or disclaimer. Claim 27 has been amended to be 
directed to asthma and atopic dermatitis. New claim 30 has been added, support for 
claim 30 can be found in original claim 27 and the specification. No other claims have 
been amended in this Response. 

In the last Office Action, the Office: 

(a) Objected to claims 16-18 and 28 as being dependent upon a rejected 
base claim; 

(b) rejected claims 26 and 27 under 35 U.S.C. § 1 12, first paragraph; 

(c) rejected claims 1-15, 23 and 29, under 35 U.S.C. § 102(b) and § 102(e). 
Applicants respectfully traverse the rejections of claims 1-15, 23, 26, 27, and 29, 

and traverse the objection to claims 1 6-1 8 and 28. 

II. Claim Objection: 

The Office Action objected to claims 16-18 and 28 as being dependent upon a 
rejected base claim, but stated that claims 16-18 and 28 would be allowable if rewritten 
in independent form (Office Action at Page 13). Applicants amended claims 16, 17 and 
28 to be independent claims. Claim 18 depends from claim 17 only. Thus, the current 
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ground for objection is now moot and Applicants respectfully request that the objection 
be withdrawn. 

III. Claim Rejection Under 35 U.S.C. §112: Enablement 

The Office rejected claims 26 and 27 for failing to comply with the enablement 
requirement of 35 U.S.C. § 1 12. The Office Action indicated that "the specification, 
while enabling treatment of asthma and atopic dermatitis with Formula (I) compounds, 
does not reasonably enable treatment of all pathological conditions/diseases 
susceptible to amelioration by PDE-4 inhibition with Formula (I) compounds (claim 26) 
or treatment of asthma, chronic obstructive pulmonary disease, rheumatoid arthritis, 
atopic dermatitis, psoriasis and irritable bowel disease" (Office Action at page 2). 
Applicants have cancelled claim 26 and have amended claim 27 to be directed to the 
pathological condition or diseases the Office has indicated are enabled. Thus the 
current ground for rejection is now moot and Applicants respectfully request that the be 
withdrawn. 

To the extent that some of the subject matter in the previous version of claim 27 
is now claimed in claim 30, Applicants respectfully transverse this rejection and request 
that the rejection be withdrawn. Applicants will address the instant rejection as it 
applies to new claim 30. 

The standard for determining whether the specification meets the enablement 
requirement is whether "the experimentation needed to practice the invention is undue 
or unreasonable." M.P.E.P. § 2164.01. United States v. Teletronics Inc., 857 F.2d 778, 
8 USPQ 2d 1217 (Fed. Cir. 1988). 



-52- 



U.S. Application No.: 10/539,821 
Attorney Docket No. 09605.0011-00000 

Determining whether undue experimentation is required to make and use a 
claimed invention requires analysis of the Wands factors, and such analysis "must 
consider all the evidence related to each of these factors." M.P.E.P. § 2164.01(a) 
(citing In re Wands, 858 F.2d 731 , 740, 8 U.S.P.Q. 2d 1400, 1406 (Fed. Cir. 1988)). 
The Office Action discussed these Wands factors (Office Action at Pages 3-11). 
Applicants respectfully submit that the Office Action has omitted the analysis of and 
misinterpreted underlying factual findings in applying the Wands factors to the current 
application. 

1 . Breadth of the claims: 

"As concerns the breadth of a claim relevant to enablement, the only relevant 
concern should be whether the scope of enablement provided to one skilled in the art by 
the disclosure is commensurate with the scope of protection sought by the claims." M. 
P. E. P. § 2164.08. The Office Action stated that the claims cover potentially many 
compounds of Formula (I) (Office Action at Page 3). Formula (I) is a typical chemical 
formula representing chemicals such as those disclosed in the specification. Such 
representative chemical formulas are widely used in patents involving multiple chemical 
compounds. In any event, the specification teaches one skilled in the art how to 
synthesize the disclosed compounds, with multiple synthesis schemes and very detailed 
examples on how to make the compounds represented by Formula (I). There are 239 
examples disclosed in the specification. The mere fact that the claimed Formula (I) 
represent multiple chemical compounds does not support lack of enablement of 
claim 30. 
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The Office Action stated that claim 27 is directed to treating some specific 
diseases, some of which (such as COPD or IBD) include collection of diseases or family 
of disorders, and treating those diseases are inadequately enabled based on inhibition 
of PDE-4. (Office Action at Pages 3-5). 

The newly added claim 30 covers treatment of other diseases susceptible to 
amelioration by inhibition of phosphodiesterase 4 such as chronic obstructive pulmonary 
disease and rheumatoid arthritis. There is a well established cause-effect relationship 
between inhibition of PDE-4 and treatment of conditions and diseases described in 
Claim 30. 

For example, with respect to COPD, Lipworth, B.J., Lancet 365:167-75 
(2005)("Lipworth") describes results from several randomized, placebo-controlied, 
clinical trials using different PDE4 inhibitors that show the beneficial treatment of COPD. 
Lipworth at 172. Additionally, MacKenzie, S.J., Alergology International 53:101-1 10 
(2004) ("MacKenzie") also explains that "[a]dvanced clinical trials have proved PDE4 
inhibitors to have benefit in chronic obstructive pulmonary disease (COPD), asthma, 
allergic rhinitis and rheumatoid arthritis." MacKenzie at 53, bottom of col. 2. Spina, D., 
Drugs 63(23) :2575-2594, 2576, col 2 (2003) {"Spina") also discusses the results of 
clinical trials using PDE4 inhibitors and reports that "significant improvements in lung 
function and reduction in exacerbation rates was observed in patients with COPD, 
without any evidence of adverse effects." Spina at 2588, col. 2. These results support 
Applicants claim of treatment of COPD with PDE4 inhibitors. 
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MacKenzie clearly states that "[a]dvanced clinical trials have proved PDE4 
inhibitors to have benefit in chronic obstructive pulmonary disease (COPD), asthma, 
allergic rhinitis and rheumatoid arthritis." MacKenzie at 53, bottom of col. 2. 

Additionally, Lipworth and MacKenzie are only a small subset of the relevant 
literature in the area of PDE4 inhibition and associated disease treatments. For 
example, H.J. Dyke and J.G. Montana, Exp. Opin. Invest. Drugs 8:1301-1325 (1999) 
("Dyke &. Montana"), discloses clinical results where PDE4 inhibitors were used as anti- 
inflammatory agents in the treatment of a variety of diseases, including the claimed 
rheumatoid arthritis, atopic dermatitis, psoriasis, and inflammatory bowel disease. 
Other diseases mentioned in Dyke &. Montana where PDE4 inhibitors are effective 
include allergic rhinitis, multiple sclerosis, and various central nervous system (CNS) 
disorders (e.g., Parkinson's disease, and learning and memory impairment). 

Stawiski etal., J. Invest. Dermatol. 73:261-263(1979) also demonstrated that 
topical administration of a PDE4 inhibitor in psoriatic patients improves psoriatic lesions. 
Haninfin etal., J. Invest. Dermatol. 107:51-56 (1996) showed the use of PDE4 inhibitors 
in patients with atopic dermatitis. 

Various clinical studies of PDE4 inhibitors, such as the known PDE4 inhibitor 
Rolipram, have demonstrated that these inhibitors, in addition to being potent 
suppressors of TNF-a production, also decreased clinical activity of arthritis in vivo. 
See, e.g., Ross etal., J. Immunol. 159: 6253-9259 (1997); Sekut etal., Clin. Exp. 
Immunol. 100:126-132 (1995); and Nyman etal., Clin. Exp. Immunol. 108:415-419 
(1997). In addition, the efficacy of Rolipram as a specific PDE4 inhibitor for the 
prevention and treatment of experimental colitis (part of irritable bowel disease) has also 
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been reported (see, e.g., Hartman etal., JPET 292:22-30 (2000) and Diaz-Granados et 

a/., Am. J. PathoM 56:21 69-21 77 (2000)). 

Moreover, the state of the art, as indicated by US patents filed before the present 

application was filed, demonstrate that one of ordinary skill in the art would have 

reasonably expected that PDE4 inhibitors could be used for the treatment of the 

diseases recited in claim 30. For example, claim 21 of US Patent No. 6,204,275, filed 

on February 25, 2000, recites (emphasis added): 

21 . A method [of treating or preventing a PDE IV mediated disease or 
condition, comprising administering to a patient in need thereof a 
PDE IV inhibitor], wherein the PDE IV mediated disease or 
condition is selected from the group consisting of: bladder or 
alimentary smooth muscle spasm; asthma, cystic fibrosis, chronic 
bronchitis or inflammatory adult respiratory distress syndrome; 
eosinophilic granuloma, psoriasis, or another benign or malignant 
proliferative skin disease; endotoxic shock, septic shock, ulcerative 
colitis, Crohn's disease, or reperfusion injury of the myocardium 
or brain; inflammatory arthritis, chronic glomerulonephritis, atopic 
dermatitis or urticaria; diabetes, alzheimer's disease, allergic 
rhinitis, allergic conjunctivitis, vernal conjunctivitis, arterial 
restenosis or atherosclerosis; neurogenic inflammation; 
rheumatoid arthritis, multiple sclerosis, ankylosing spondylitis, 
transplant rejection or graft versus host disease; bacterial, fungal or 
viral induced sepsis and septic shock; rheumatoid or osteoarthritis; 
cancer, tumor growth or metastasis; cachexia; and depression or 
memory impairment. 

Applicants note that ulcerative colitis and Crohn's disease are collectively known 

as inflammatory bowel disease. See, e.g., Dyke & Montana at 1313, col. 2. Claim 19 of 

US Patent No. 6,162,830, with a § 371 filing date of February 7, 2000, recites 

(emphasis added): 

19. [A] method [for treating a pathological condition associated with a 
function of PDE-IV, comprising administering to a patient in need 
thereof a PDE IV inhibitor], wherein the pathological condition is 
selected from asthma, chronic bronchitis, atopic dermatitis, urticaria, 
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allergic rhinitis, allergic conjunctivitis, vernal conjunctivitis, inflammation 
of the eye, allergic responses in the eye, eosinophilic granuloma, 
psoriasis, rheumatoid arthritis, gouty arthritis and other arthritic 
conditions, ulcerative colitis, Crohn's disease, adult respiratory 
distress syndrome, diabetes insipidus, keratosis, atopic dermatitis, 
atopic eczema, cerebral senility, multi-infarct dementia, senile 
dementia, memory impairment associated with Parkinson's disease, 
depression, cardiac arrest, stroke, and intermittent claudication. 

Claim 15 of US Patent No. 5,972,936, filed on May 20, 1997, recites (emphasis 

added): 

1 5. [A] method [for the treatment of a pathological condition capable of 
being modulated by inhibition of phosphodiesterase IV, comprising 
administering to a patient in need thereof a PDE IV inhibitor], 
wherein the pathological condition is selected from the group 
consisting of asthma, chronic bronchitis, chronic obstructive 
airways disease, atopic dermatitis, urticaria, allergic rhinitis, allergic 
conjunctivitis, vernal conjunctivitis, inflammation of the eye, allergic 
responses in the eye, eosinophilic granuloma, psoriasis, 
rheumatoid arthritis, gouty arthritis and other arthritic conditions, 
ulcerative colitis, Crohn's disease, adult respiratory distress 
syndrome, diabetes insipidus, keratosis, atopic eczema, atopic 
dermatitis, cerebral senility, multi-infarct dementia, senile dementia, 
memory impairment associated with Parkinson's disease, 
depression, cardiac arrest, stroke, and intermittent claudication. 

Claim 14 of US Patent No. 5,804,588, filed on May 20, 1997, recites (emphasis 

added): 

14. [A] method [for the treatment of a pathological condition capable of 
being modulated by inhibition of phosphodiesterase IV, comprising 
administering to a patient in need thereof a PDE IV inhibitor], 
wherein said pathological condition is selected from the group 
consisting of asthma, chronic bronchitis, chronic obstructive 
airways disease, atopic dermatitis, urticaria, allergic rhinitis, allergic 
conjunctivitis, vernal conjunctivitis, inflammation of the eye, allergic 
responses in the eye, eosinophilic granuloma, psoriasis, 
rheumatoid arthritis, gouty arthritis and other arthritic conditions, 
ulcerative colitis, Crohn's disease, adult respiratory distress 
syndrome, diabetes insipidus, keratosis, atopic eczema, atopic 
dermatitis, cerebral senility, multi-infarct dementia, senile dementia, 
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memory impairment associated with Parkinson's disease, 
depression, cardiac arrest, stroke, and intermittent claudication. 

The Office is invited to review the claims of several other issued patents with 

similar claims. As can be seen from the foregoing review, the teachings of the 

specification and the state of the art at the time the application was filed enable one of 

ordinary skill in the art to practice the subject matter of claim 30. 
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2. Nature of the invention and predictability in the art: 

The Office Action stated there are various types of PDE-4 and pharmacological 
activity in general is unpredictable. (Office Action, Pages 5-7). However, the 
relationship between PDE-4 inhibition and treatment or prevention of chronic and acute 
inflammatory diseases and other pathological conditions, diseases and disorders has 
been well studied and well established. Research indicates that inhibition of PDE-4 
produces airway smooth muscle relaxation, suppresses degranulation of mast cells, 
basophils and neutrophils along with inhibiting the activation of monocytes and 
neutrophils. See Torphy, "Phosphodiesterase Isozymes: Potential Targets for Novel 
Anti-asthmatic Agents in New Drugs for Asthma, Barnes, ed. IBC Technical Services 
Ltd., 1989. Multiple patents have been granted to various PDE-4 inhibitors based on 
the pharmacological activity of PDE-4 inhibition, such as U.S. 7273875, U.S. 7235579, 
U.S. 7226930, and U.S. 7087625. Thus, for the area of treatment with PDE-4 inhibitors, 
the level of predictability is such that the effect of PDE-4 inhibition has been well studied 
and can be expected from compounds that display PDE-4 inhibition. 

In addition, the Office Action overemphasized the alleged unpredictability of the 
art, without sufficiently considering the other relevant factors such as the amount of 
direction provided in the specification. 

3. Direction and Guidance: 

The Office Action stated there is "no specific direction or guidance provides a 
regimen or dosage effective specifically for conditions other than asthma and atopic 
dermatitis" (Office Action, Page 7). However, as mentioned above, the nature of PDE-4 
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inhibition is such that one of ordinary skill in the art would have no problem in 
determining such data. For example, the dosage of PDE-4 inhibitors is described and 
discussed in multiple multiple patents and publications describing other PDE-4 
inhibitors, as well as methods of treatment that use PDE-4 inhibitors. 

4. State of the prior art: 

As described above, the relationship between PDE-4 inhibitors and treatment of 
certain diseases and conditions are well-established. Other PDE-4 inhibitors have been 
described in granted patents. At the time the application was filed, there was a high 
level of skill in the art in using PDE-4 inhibitors to treat a pathological condition or 
disease. 

5. and 6. Working Examples and skill of those in the art: 

The Office Action stated "no examples show treatment of any disorder." (Office 
Action at Page 7). However, as discussed above, the cause-effect relationship between 
inhibition of PDE-4 and treatment of the disorders mentioned in claim 30 has been well 
established. Multiple patents on PDE-4 inhibitor compounds that include method claims 
for treating PDE-4 related disorders, such as U.S. 7273875, U.S. 7235579, U.S. 
7226930, U.S. 7087625, have been granted. These patents demonstrate the existence 
of the level of skill necessary to enable the claim. The Office Action cited articles saying 
"results concerning clinical efficacy of this potent and selective PDE4 inhibitor are 
anxiously awaited' and "the possibility of a combined approach using VIP together with 
a PDE inhibitor merits further investigation." (Office Action at Page 9) These quotations 
do not deny or undermine the cause-effect relationship between PDE-4 inhibition in 



-60- 



U.S. Application No.: 10/539,821 
Attorney Docket No. 09605.001 1 -00000 

general and treatment of related disorders because they refer to one of many known 
PDE-4 inhibitors and to a combination therapy respectively. 

The Office Action stated "the FDA has not approved any PDE-4 inhibitor for 
treatment of any disorder" (Office Action at Page 10.) "However, considerations made 
by the FDA for approving clinical trials are different from those made by the PTO in 
determining whether a claim is enabled." See Scott v. Finney, 34 F.3d 1058, 1063, 32 
USPQ2d 1115, 1120 (Fed. Cir. 1994). M.P.E.P. 2164.05 (Edition 8, Release 6, 
September 2007). 

The specification discloses multiple working examples to teach how to make the 
PDE-4 inhibitors claimed. These working examples enable the skilled artisan to 
practice the method of claim 30 by using the new PDE-4 inhibitors disclosed to treat the 
pathological condition or disease susceptible to amelioration by inhibition of PDE-4. 

7. Quantity of experimentation needed to make or use the invention. 

The Office Action stated that "substantiation of utility and its scope is required 
when utility is 'speculative', 'sufficiently unusual' or not provided " (Office Action at Page 
11). However, the utilities of PDE-4 inhibitors are not speculative or sufficiently unusual. 
As discussed above, there are multiple scientific publications affirming the cause-effect 
relationship between PDE-4 inhibition and treatment of diseases and conditions, and 
there there are multiple patents granted to PDE-inhibitors demonstrating 
pharmacological utility. 

Moreover, a disclosure may be enabling even if it requires a considerable 
amount of complex experimentation, provided the experiments are "merely routine." 
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M.P.E.P. § 2164.06. For example, the Wands court found an immunoassay method to 
be enabled, despite the fact that one of ordinary skill in the art would have had to make 
and screen many antibody-producing hybridoma cell lines to obtain monoclonal 
antibodies suitable for practicing the invention. In re Wands, 858 F.2d at 736. Applying 
PDE-4 inhibitors disclosed in the specification to treat disorders covered in claim 30 
would be routine experimentation to one of ordinary skill in the art, who would have no 
problem following the well-established cause-effect relationship between PDE-4 
inhibition and pharmacological treatment and following the teachings in the 
specification. 

In sum, when presented with the specification's detailed explanation of how to 
make and use new pyridazin-3(2H)-one derivatives for PDE-4 inhibition, a skilled artisan 
can practice the invention. For the reasons stated above, claim 30 are enabled. 
Accordingly, Applicants respectfully request that this rejection be withdrawn. 

IV. Claim Rejection Under 35 U.S.C. § 102: Anticipation 

The Office rejected Claims 1-15, 23 and 29 under 35 USC § 102(b) over Dal 
Piaz, et al., J. Pharm. Sci. Vol. 80, No.4, April 1991 , 341-348 (hereafter "Dal P/az"). The 
Office Action stated "See Table III, page 344, Compound 4g." (Office Action at Page 
12.) 

Compound 4g of the Dal Piaz reference does not anticipate the instant claims 
because it is not within the scope of the claims due to the proviso at the end of claim 1 . 
Compound 4g in the Dal Piaz reference is 5-Acetyl-2-methyl-4-anilino-6- 
phenylpyridazin-3(2/-/)-one, with a chemical structure of 
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C6H5 



o 




CH3 




H 3 C C 6 H 5 



Compare with Formula (I) of claim 1 (claims 2-15, 23, and 29 all depend on 
claim 1): 



Using the same nomenclature as in the instant claims for compound 4g, R 1 would 
be methyl, R 5 would be phenyl, R 4 would be methyl, R 2 would be hydrogen and R 3 
would be phenyl (or R 2 would be phenyl and R 3 would be hydrogen). Claim 1 states 
that "when R 5 is neither an optionally substituted heteroaryl group nor a group COOR 7 , 
R 3 is an optionally substituted heteroaryl group" (See Claim 1 above.) Compound 4g 
does not comply with this proviso: in compound 4g, R 5 is phenyl, which is "neither an 
optionally substituted heteroaryl group nor a group COOR 7 ', but R 3 is either a phenyl or 
a hydrogen, not "an optionally substituted heteroaryl group." Thus, compound 4g is not 
a species of the genus covered in claim 1 , and, therefore, does not anticipate claim 1 
(or claims 2-15, 23, and 29, which all depend on claim 1). Accordingly, Applicants 
respectfully request that this rejection be withdrawn. 




,2 
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The Office also rejected Claims 1-15, 23 and 29 under 35 USC § 102(e) over 
WO 03/097613 to Dal Piaz, et al. (hereafter "Da/ Piaz //'). The Office Action stated "See 
Compounds 1-274 in Table 2, pages 44-78." (Office Action at Page 12.) All those 
compounds cited can be represented in the same formula (I), 




where "R 3 and R 5 each independently represent a monocyclic or bicyclic aryl group" 
(Page 4 of the specification in Dal Piaz II). This is different from the scope of claim 1 , 
which states "with the proviso that when R 5 is neither an optionally substituted 
heteroaryl group nor a group COOR 7 , R 3 is an optionally substituted heteroaryl group." 
(See Claim 1 above.) In fact, none of the compounds listed in Table 2 of Dal Piaz II 
satisfies the proviso of claim 1 . For compounds 1 -274 in Table 2 of the Dal Piaz II 
reference, R 5 is neither an optionally substituted heteroaryl group nor a group COOR 7 , 
and R 3 is not an optionally substituted heteroaryl group. Thus compounds 1-274 in 
Table 2 of the Dal Piaz II reference cited in the Office Action are not species of the 
genus covered in claim 1, and do not anticipate claim 1 (or claims 2-15, 23, and 29, 
which all depend on claim 1). Accordingly, Applicants respectfully request that this 
rejection be withdrawn. 

V. Statement of Common Ownership under 35 U.S.C. § 103(c) 
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The Office cited WO 03/09761 3 (Dal Piaz II) as a reference qualifying under 35 
U.S.C. § 102(e) in an anticipation rejection (Office Action at Page 12). 

In an effort to expedite prosecution, and under the provisions of 
M.P.E.P. §706.02(l)(2), Applicants' undersigned representative of record supplies the 
following statement to the effect that the instant application and WO 03/09761 3 were, at 
the time the invention was made, owned by, or subject to an obligation of assignment 
to, the same organization, the company now called Laboratorios Almirall S.A. 

This application, U.S. Patent Application No. 10/539,821, with an international 
filing date of December 22, 2003, in the name of Dal PIAZ et al.; and International 
Patent Application No. PCT/EP03/05056 (WO 03/097613), filed on May 14, 2003, in the 
name of Dal PIAZ et al.; were, at the time the invention of this application was made, 
both owned by the same company, or subject to an obligation of assignment to the 
same company, the company now called Laboratorios Almirall S.A. 

As a result, under 35 U.S.C. § 103(c), WO 03/097613 is not applicable prior art 
under 35 U.S.C. § 103 against the present application. 

VI. Conclusion 

In view of the foregoing amendments and remarks, Applicant respectfully 
requests reconsideration and reexamination of this application and the timely allowance 
of the pending claims. 
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Please grant any extensions of time required to enter this response and charge 

any additional required fees to our Deposit Account No. 06-0916. 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



By; C&^-*'\ 



Carlos M. Tellez 
Reg. No. 48,638 



Dated: December 19, 2007 



Attachments: Copies of the journal articles cited in this response are enclosed for the 
Office's convenience 
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Phosphodiesterase-4 inhibitors for asthma and chronic 
obstructive pulmonary disease 

Brian) Upworth 

Inhibitors of phosphodiesterase type 4 (PDE4) act by increasing intracellular concentrations of cyclic AMP, which 
has a broad range of anti-inflammatory effects on various key effector cells involved in asthma and chronic 
obstructive pulmonary disease (COPD). The therapeutic ratio for PDE4 inhibitors is thought to be determined by 
selectivity on receptor subtypes for relative effects on PDE4B (anti-infbmmatory) and PDE4D (emesis). The two 
main orally active PDE4 inhibitors in the late phase III of clinical development are dlomilast and roflumilast; the 
latter (and its active metabolite N-oxide) is more selective and potent with a superior therapeutic ratio. Studies on 
cilomilast in COPD based on bronchial biopsy material have shown a broad range of anti-inflammatory activity, and 
the available evidence on clinical outcomes for up to 6 months with dlomilast 15 mg twice daily and roflumilast 
500 u.g once daily have shown variable but significant effects on exacerbations and quality of life, with small 
improvements in measures of pulmonary function. Roflumilast has a better safety and tolerability profile than 
cilomilast, with the main adverse effects being nausea, diarrhoea, and abdominal pain. Roflumilast also has activity 
in asthma as assessed by its attenuation of allergen and exercise challenges, and it shows clinical efficacy equivalent 
to that of bedomethasone dipropionate 400 \xg daily. The emerging results of clinical trials on PDE4 inhibitors in 
asthma and COPD should be interpreted with cautious optimism since much of the evidence has been published 
only in abstract form to date* The next few years should resolve important issues about the potential role of these 
drugs as oral non-steroidal anti-inflammatory therapy for asthma and COPD and their place in management 
guidelines. Ultimatdy, clinicians will want to know whether PDE4 inhibitors are anything more than expensive 
"designer" theophylline, the archetypal non-selective phosphodiesterase inhibitor. 
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Current management guidelines for asthma and chronic 
obstructive pulmonary disease (COPD) have similarities 
in terms of the available therapeutic options — namely 
the use of inhaled corticosteroids along with p 2 agonists, 
anticholinergic drugs, or theophyllines. u In general 
terms, the chronic infiammatory process in asthma is 
predominantly eosinophilic and in most cases 
responsive to inhaled corticosteroids, whereas in COPD 
the inflammation is predominantly neutrophilic and 
generally refractory to inhaled corticosteroids. 1 - 3 

There are, however, some unmet needs in current 
pharmacotherapy of both disorders. In asthma, although 
the efficacy of inhaled corticosteroids is well established, 
concerns remain about dose-related local and systemic 
adverse effects. There is a need for an agent with a wide 
therapeutic ratio and a broad range of non-steroidal anti- 
inflammatory activity, to be used either as monotherapy 
instead of inhaled corticosteroids in milder asthma or as 
adjuvant therapy to, inhaled corticosteroids in more 
severe asthma— ie, as corticosteroid-sparing therapy. In 
COPD, there is an even greater need for a non-steroidal 
anti-inflammatory agent, because inhaled cortico- 
steroids tend to be much less effective in this disorder 
than in asthma." Many prescribes believe that the use 
of the oral rather than the inhaled route of admini- 
stration might facilitate better adherence to treatment by 
patients in the longer term, although this notion rem- 
ains to be proven. In some respects, for the treatment of 
asthma, the leukotriene-receptor antagonist monte- 
lukast already fulfils the role of once-daily orally active 
non-steroidal anti-inflammatory therapy, although the 
available evidence suggests that this drug is less effective 



than a low dose of inhaled corticosteroid for treatment of 
mild to moderate persistent asthma. 6- * A drug with 
greater anti-asthmatic potency than leukotriene-receptor 
antagonists would therefore be extremely useful. 

Theophylline is also perceived to be an orally active 
anti-mflammatory agent for use in asthma or COPD. It 
is the archetypal non-selective phosphodiesterase inhib- 
itor, although it has a narrow therapeutic ratio and 
several potential important interactions with other 
drugs, which limit its use for these disorders. A detailed 



Search strategy and selection criteria 

The search methods for this artide induded use of PubMed 
and EMBASE from 1990 to the present with no restrictions 
on language, with the keywords "phosphodiesterase type 4 
inhibitors", "rofiumilasf, and "cilomilast", as well as searches 
of relevant abstract books from conference proceedings such 
as: European Respiratory Society; American Thoracic Society; 
American Academy of Allergy, Asthma and Immunology; 
American College of Allergy, Asthma and Immunology; and 
European Academy of Allergology, Asthma and 
Immunology. Abstracts lack the detail and authority of fully 
peer-reviewed papers, but those referred to are cited critically 
and abstracts are used only when no paper has yet been 
published or is in press. In many instances, however, details 
were available from the posters that were presented at the 
various meetings. I also searched the websites for relevant 
pharmaceutical companies in addition to contacting them 
personally for up-to-date information. 
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review of the anti-inflammatory properties of 
theophylline is given elsewhere.* 

Inhibitors of phosphodiesterase type 4 
The breakdown of the cyclic nucleotides cAMP and 
cGMP to their respective S'-nudeotide mono- 
. phosphates is catalysed by phosphodiesterase enzymes. 
11 families of , phosphodiesterases have been cate- 
gorised so far, differing in their sequence, substrate 
specificity, cofactor requirements, and sensitivity to 
inhibitors. 10 This review focuses on the inhibitors of 
rype-4 phosphodiesterase (PDE4), a group of pharma- 
cologically distinct enzymes encoded by at least four 
distinct genes (PDEA. PDEB, PDEC, PDED), which 
have specificity for cAMP. 11 

PDE4 is ubiquitous among inflammatory and 
immune ceUs. PDE4 inhibitors show suppressive 
activity on various hvvitro responses, including 
production of cytokines, cell proliferation and chemo- 
taxis, release of inflammatory mediators, and NADPH 
oxidase activity." Moreover, PDE4 inhibitors have 
evident activity in vivo in animal models of airway 
inflammation.' 3 cAMP acts via a cascade of protein 
kinases; the resultant catalytic domains are free to 
translocate within the cell and phosphorylate specific 
targets, including transcription regulators, ion 
channels, and signalling proteins. These events in turn 
result in actions on various inflammatory and 
accessory cells, including epithelial cells, dendritic 
cells, eosinophils, macrophages, mast cells, monocytes, 
basophils, neutrophils, and T and B lymphocytes. 

Pharmacology 

Understanding of some of the basic pharmacology of 
PDE4 inhibitors is important for appreciation of how 
their therapeutic ratio can be refined and the 
pharmacologically predictable adverse effects of the 
class as a whole can be avoided. Initial attention 
focused on the possible role of the rolipram binding 
site. PDE4 is thought to have two conformations, 
PDE4 H and PDEV 4 for which the specific inhibitor 
rolipram has high and low affinity. PDE H is generally, 
expressed in the central nervous system, producing the 
adverse effects of nausea and vomiting, whereas PDE4 L 



Compoun d (trade name) Company 



Rafiumitast (Daxas) 
Cilomilast (Ariflo) 



Arofyftine 
ELB 353 
C-3885 
V-H294A 
BAY 19-8004 
YM976 



Alcana 

GlaxoSmirh Kline 

AtmiraDProdesferma 

Elbion 

Merck 

Napp 

Bayer 

Yamanouchi 



Phase 111: submitted file for EU approval in COPO and asthma 

Phase II: approvaWe tetter from FDA in COPD and possible EU file 

pending; discontinued for asthma 2003 

Phase 11/111: detailed status not disclosed 

Preclinical phase 

Phase II: discontinued 2003 

Phase H: discontinued 2003 

Phase II: discontinued 2001 

Phase I: discontinued 1999 



EO=European ; FDA*US Foodand Drug Administration. 



Table V PDE4 Inhibitors under development or development discontinued 




Figun? 1: Chemical structures of the two PDE4 inhibitors that are furthest In 
clinical development 

is associated with anti-inflammatory activity. Thus, 
although the archetypal PDE4 inhibitor rolipram has 
much higher potency for PDE4 H than for PDE4 L , 
compounds such as cilomilast and roflumilast both 
show much lower potency for PDE4 H , which results in 
greater selectivity and a higher therapeutic ratio.' 5 
However, the high-affinity binding site is now thought 
not to be relevant because it does not show a close 
relation with adverse effects when extended series of 
PDE4 inhibitors have been examined. 

More recent attention has focused on the role of 
receptor subtypes. PDE4B seems to be the main 
subtype mediating anti-inflammatory effects, whereas 
PDE4D> mediates the main adverse effect of nausea, 
through stimulation of neurons in the vomiting 
centre of the area postrema." Cilomilast is ten times 
more selective for PDE4D than other isoenzymes, 
whereas roflumilast and its major metabolite 
roflumilast N-oxide do not discriminate between 
PDE4 isoenzymes. 16 - 17 The selectivity of cilomilast for 
PDE4D-type nausea-inducing neurons could explain 
why it appears to be less well tolerated than roflumilast. 
Whether specific targeting of PDE4B over PDE4D 
subtypes will achieve a superior therapeutic ratio 
for future compounds in development remains to be 
seen. 

Several candidate PDE4 inhibitors have been in 
development, but only cilomilast and roflumilast have 
proceeded to phase III clinical trials and regulatory 
submission (table 1, figure 1). The clinical development 
programme with cilomilast in asthma was stopped by 
GlaxoSmithKline at phase II, owing to poor efficacy. 
The drug is currently undergoing late phase III studies 
in COPD, with an approvable action letter from the US 
Food and Drug Administration in 2003 for the 
indication of COPD, and the company has stated that it 
is still analysing its European Union registration 
dossier for possible submission. The clinical develop- 
ment programme of roflumilast by Altana is 
continuing in both asthma and COPD at the stage of 
phase III trials, and the registration dossier has 
recently been submitted for European Union 
registration in 2004 for asthma and COPD. The 



www.thelancet.com Vol 365 January 8. 2005 



New Drug Classes 



remaining part of this review therefore focuses on the 
two compounds that are nearest to marketing — 
ciiomilast and roflumilast 

Preclinical anti-inflammatory profile of 
roflumilast and ciiomilast 

The anti-inflammatory and immunomodulatory 
activity of PDE4 inhibitors has been investigated in 
vitro and in animals in vivo. In terms of selective 
PDE4 inhibition of human neutrophil function, 
roflumilast was found to be roughly equipotent to its 
major metabolite, roflumilast N-oxide, and to 
pidamilast, but it showed potency more than 100 times 
greater than ciiomilast or rolipram (table 2). ,? The rank 
order of potency for PDE4 inhibitors was similar in 
human eosinophils. Compared with effects, on 
neutrophils and eosinophils (ie, the terminal 
inflammatory effector cells), roflumUast and its N-oxide 
had much greater relative potency than ciiomilast for 
monocytes, CD4«positive T cells, and dendritic cells, 
suggesting the potential for an improved immuno- 
modulatory profile," 

The in-vivo potency of PDE4 inhibitors has also 
been investigated in classic animal models. For 
inhibition of the allergen-induced early airway 
reaction in guineapigs, roflumilast and its N-oxide 
were equivalent and both were eight times more 
potent than pidamilast, 32 times more potent 
than rolipram, and 52 times more potent than 
cflornilast. 111 Moreover, for the antigen-induced late 
inflammatory response in sensitised brown Norway 
rats, orally administered roflumilast and its N-oxide 
were substantially more potent than the other 
PDE4 inhibitors for . effects on infiltration of 
eosinophils, neutrophils, and lymphocytes, protein 
accumulation, and release of rumour necrosis 
factor a (TNFa; table 3). Orally administered 
roflumilast and its N-oxide inhibited lipopoly- 
saccharide-induced release of TNFa; they were 
eight times more potent than pidamilast, 25 times 
more potent than rolipram, and 310 times more 
potent than ciiomilast. In another in-vivo study 
of antigen-sensitised Norway brown rats, previous 
treatment with oral roflumilast compared with 
placebo significantly delayed (peak at 72 h vs 48 h) 
and reduced (66% at 48 h) eosinophilic infiltration, and 
significantly inhibited peak expression of mRNA 
for Lnterleukins 4 and 5 and release of interleukin 13 
(81%, 96%, and 77% of respective placebo values), as 
assessed from bronchoalveolar lavage after allergen 
challenge. 19 Recent in-vitro studies on guineapig 
isolated bronchus tested with electrical-field 
stimulation have shown that roflumilast, and its. 
N-oxide, can regulate neuropeptide release from 
sensory-nerve terminals, which suggests the 
potential for suppressing neurogenic inflammation in 
asthma. 20 The range of anti-inflammatory and 
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K*>concentranan causing 50% inhibition. Data from HatzeJmann and Schudt;" reproduced with permission from the Journal of 
Pharmacology end Experimental Therapeutics- 

Table 2: Selectivity of PDE4 Inhibitors 



immunomodulatory activity with roflumilast and 
ciiomilast suggest a potential therapeutic role in 
asthma and COPD, with roflumilast showing greater 
potency. 

Clinical trials with ciiomilast and roflumilast 
Pharmacokinetics 

The pharmacokinetics of ciiomilast have been 
extensively investigatecL 2U2 The drug is rapidly absorbed 
after oral administration with a t,^ of about 1 h, 96% oral 
bioavailability, and a plasma elimination half-life of 7 h; 
it is subject to negligible first-pass hepatic metabolism. 
Moreover, ciiomilast shows dose-rdated linear 
pharmacokinetics which are unaffected by age or by 
food. The metabolism of ciiomilast is extensive, with less 
than 1% of the administered dose appearing as 
unchanged drug. Tnere is little potential for interactions 
with other drugs because none of the pathways that 
metabolise ciiomilast involve cytochrome P450 enzymes 
that are susceptible to competitive inhibition by other 
drugs (CYP1A2, CYP2D6. CYP3A4). The only P450 
enzyme implicated that catalyses hydroxylation has few 
other inhibitors or substrates (CYP2C8). Thus, at steady 
state, ciiomilast 15 mg twice daily had no significant 
effects on the pharmacokinetics of warfarin or 
digoxin. 2 " 4 Cigarette smoking does not affect the 
pharmacokinetics of ciiomilast, unlike theophylline, for 
which there is increased dearance in dgarette smokers 
with COPD. 25 

The pharmacokinetics of roflumilast and its N-oxide 
have also been well characterised: they have t^ of 1 * 5 h 
and 12 h, respectively; dirnination half-lives of 10 h and 
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Table 3: Inhibitory effects of PDE4 Inhibitors on late airway inflammatory response In ovalbumin* 
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20 h; with 80% oral bioavailability; no effects of food 
intake or smoking; diurnal dosing; no interactions with 
warfarin or erythromycin; and no requirement for dose 
adjustment in patients with severe renal impairment. 26 * 30 
Moreover roflurnilast and its N-oxide do not interact 
with inhaled salbutamol or inhaled budesonide. 11 -" 
There are to date no published dinical-trial data on the 
pharmacokinetics of cilomilast or roflurnilast in cor 
pulmonale or congestive heart failure, which may be 
relevant because these disorders can reduce the 
clearance of theophylline and commonly occur in 
COPD. 

Clinical trials in asthma 

Inhalation of allergen by atopic asthmatic patients 
results in immediate bronchoconstriction (early asthma 
response) caused by release of mediators such as 
histamine and cysteinyl leukotrienes. This response is 
followed in half the patients by late bronchoconstriction 
due to influx of inflammatory cells (late asthma 
response) and an associated increase in airway hyper- 
responsiveness.^Roflumilast has been investigated in a 
randomised, double-blind, placebo-controlled study for 
its effect on the allergen-induced early and late asthmatic 
responses." 23 patients with mild to moderate asthma 
(forced expiratory volume in 1 s [FEV,] 89% of predicted) 
received once-daily 250 u.g roflurnilast, once-daily 
500 M-g roflurnilast, or placebo for 7-10 days each, with 
2-5-week washout periods between treatments. An 
allergen challenge was done on the last , day of each 
treatment sequence. Both the early and late asthmatic 
responses were significantly lower with both doses of 
roflurnilast than with placebo (figure 2). Inhibition of the 
early asthmatic response amounted to 25% with 250 pig 
(p~0 • 008) and 28% for 500 u-g (p=0 • 009) versus placebo. 
The percentage inhibition of the late asthmatic response 
was dose related: 27% with 250 fig (p-0-02) and 43% 



□ Roflurrikst 500 jxg <n»20) 
A Roflurnilast 250 jig (n»21) 
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Figure 2: FEV, profile of early and late asthmatic responses to bronchial 
allergen challenge In patients receiving placebo, roflumHast 250 y.g once 
dairy, and roflurnilast 500 u.g once daily 
Data from van Schalkwyk and colleagues." 



with 500 |xg (p=*0- 0002) versus placebo. In another study 
with a single 1000 *xg dose of roflurnilast given 1 h 
before allergen challenge, there was 62% inhibition of 
the late asthmatic response (p<0 05). 34 Moreover, 
roflurnilast also attenuated allergen-induced airway 
hyper-responsiveness to histamine by 1-6 doubling 
dilutions. These effects of roflurnilast on the late 
asthmatic allergen response are in keeping with the 
presence of anti-inflammatory activity, as shown in 
various animal models. 

There is also evidence that roflurnilast and cilomilast are 
effective for protection against exercise challenge. In a 
study of 16 patients who were randomly assigned placebo 
or roflurnilast 500 u.g daily for 4 weeks, the percentage 
inhibition of FEV, fall after exercise was 14% on day 1, 
24% on day 14, and 41% on day 28; only the last was 
significant (p=0«02). 35 Blood samples were taken for 
measurement of Upopolysaccharide-stimulated TNFa 
concentrations in whole blood as a marker for inhibition 
of inflammatory-cell ' activation. The median TNFa 
concentration decreased by 21% after roflurnilast treat- 
ment (p=0-009), but remained constant with placebo 
(p«0*3). In a study of 27 patients given cilomilast for 
1 week at a dose of 10 mg twice daily, there was significant 
attenuation (p<0-05) of exercise-induced broncho- 
constriction, which amounted to 34% inhibition. 56 

In addition to challenge studies, long-term dosing 
assessments have been made for cilomilast and 
roflurnilast with lung function and other conventional 
outcome measures of asthma control. In a study of 
303 patients in a multicentre, randomised, placebo- 
controlled, parallel-group trial, cilomilast was given in 
doses of 5 mg, 10 mg, or 15 mg twice daily for 6 weeks as 
adjuvant therapy in patients already receiving inhaled 
corticosteroids. The patients had mean FEV, of 66%. 
predicted and at least 12% bronchodilator reversibility to 
salbutamol. 37 266 patients completed the study. At the 
highest dose of cilomilast, there was a greater 
improvement in FEV, than with placebo, but the 
difference was not significant apart from after 2 weeks 
when the mean difference between the groups was 
0-21 L. Differences between active treatment and 
placebo in forced mid-expiratory flow and domiciliary 
peak expiratory flow were not significant In the patients' 
overall assessment, 69% of those assigned the highest 
dose of cilomilast indicated that they were greatly 
improved compared with 41% of those assigned placebo. 
For the physicians' overall assessment, 59% of patients 
assigned cilomilast at the highest dose were improved 
compared with 29% assigned placebo. In a longer-term 
(12 months), multicentre, parallel-group trial, cilomilast 
at a dose of 10 mg or 15 mg twice daily was investigated 
in 211 patients; the study was an extension of three 
double-blind, randomised, phase II studies of 4-6 weeks 
duration." 53 patients had been assigned placebo and 
158 cilomilast. There were only small, not significant 
improvements in FEV, over the 12-month period, and 
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Figure 3: Effects in asthma on FEV\ and on morning peak expiratory flow 
from patients' diary cards as change from baseline (mean and SE) 
T H refers to baseline after placebo run-in period. Data from Leicht! and 
colleagues." 

consequently the further development of cilomiiast for 
the indication of asthma was terminated. 

Findings with roflumilast for use in asthma are more 
promising, as might be predicted from its higher in-vitro 
potency than cilomiiast. In a randomised, double-blind, 
parallel-group, multicentre, dose-ranging study, roflu- 
milast was given for 12 weeks in doses of 100 u.g, 
250 u-g, or 500 u-g once daily with a placebo run-in 
period of 1-3 weeks before randomisation. 39 At baseline, 
the mean FEV, was 73% of predicted with mean 
bronchodilator reversibility of 25%; a total of 
690 patients were enrolled. Roflumilast led to significant 
increases in FEV, in all three treatment groups 
(p<0 0001), amounting to an 11% increase (260 mL) at 
100 *ig, 13% (320 mL) at 250 u£, and 16% {400 mL) at 
500 fig. The response at 500 p.g was significantly better 
than that to 100 u-g (p«0 0017; figure 3). Roflumilast 
also produced significant dose-dependent improve- 
ments in morning peak expiratory flow in all three 
treatment groups (p<0 006; 10 L/min, 12 L/min, and 
20 L/rnin, respectively, for 100 u-g, 250 fig, and 500 u.g 
doses) as well as significant improvements in evening 
peak expiratory flow with the 250 fig and 500 fig doses 
(p<0-008). The 500 fig dose was superior to the 100 p.g 
dose (p<0 05) for both morning and evening peak 
expiratory flow (figure 3), In a subsequent 12-month 
follow-up from the same study, 456 patients received 
roflumilast 500 fig once daily. Improvements in lung 
function in patients who had previously received 
roflumilast 500 fig for 12 weeks were maintained over 
the 12-month period. 40 In those patients previously 
treated with the lower doses of roflumilast, there were 
further increases in FEV,, which were greatest in those 
who had previously received the 100 fxg dose for 
12 weeks (p<0- 006). 

To assess the speed of onset of roflumilast, a pooled 
analysis was made from three randomised, double-blind, 
12-week, multicentre studies, in which 702 patients 



received roflumilast 500 ug once daily,, the mean 
morning peak expiratory flow was 370 L/min (77% of 
predicted)/ 1 The improvement in the peak expiratory 
flow at day 7 was significant (8 L/min; p<0 *0001) and it 
continued through to week 12 (24 L/min; p<0 0001). 
Furthermore, the onset of action was observed early, with 
significant improvements in morning peak flow 
(5 L/min; p=0-006) noted by day 1; however, a change of 
this size is unlikely to be clinically relevant 

A comparison of roflumilast 500 fig once daily versus 
beclomethasone dipropionate 200 fig twice daily over 
12 weeks was made in 421 patients with mean FEV, of 
72% predicted and mean reversibility of 24%, in a double- 
blind, double-dummy, parallel-group study over 12 weeks 
with a 1-3-week preceding placebo run-in period. 42 Both 
treatments produced significant improvements in FEV, 
over the 12-week period (improvement 0 30 L with 
roflumilast and 0-37 L with beclomethasone; p<0-0001; 
figure 4). Furthermore, both drugs produced significant 
improvements, of similar size, in morning and evening 
peak flow (p<0-001) and also reduced asthma symptoms 
and use of rescue medication to a similar degree 
(p<0 0001). The main criticism of all the studies to date 
with roflumilast in asthma is that they did not include a 
true randomised placebo group; comparisons were made 
with baseline values at the end of a 1-3-week non- 
randomised placebo run-in period. To carry out trials in 
persistent asthma with a placebo group is becoming more 
difficult for both ethical and practical reasons, especially 
because corticosteroid-naive patients are rare in more 
developed countries, owing to effective implementation of 
guidelines. Nonetheless, roflumilast was as effective as 
low-dose inhaled corticosteroid, which would be 
considered the gold standard for treatment of mild to 
moderate persistent asthma. For example, in a previous 
study comparing 400 fig beclomethasone with mon- 
telukast 10 mg, the former was significantly superior." 
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Figure 4: Comparative effects in asthma of roflumilast 500 p.g once daily 
versus beclomethasone dipropionate 200 p.g twice daily over 12 weeks oi 
FEV, (mean and SE) 
Data from Albrecht and colleagues.** 
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In terms of tolerability and adverse events in patients 
with asthma treated with roflumilast, in the dose- 
ranging study over 12 weeks (100 u.g n~230, 250 u=g 
n=230, 500 jxg n=223) the highest frequencies of side- 
effects were seen with the 500 ug dose for headache 
(13%), diarrhoea (8%), nausea (8%), and abdominal pain 
(4%). However, in the long-term follow-up study over a 
further 40 weeks with the 500 p.g dose (n«456) the 
corresponding rates were 6%, 3%, 1%, and 1%. W<0 These 
findings suggest that at least in asthmatic patients there 
are early dose-limiting adverse events with the 500 *ig 
dose that abate with longer-term treatment At this 
point, one cannot say whether the improvement in long- 
term tolerability with roflumilast at the 500 p.g dose is 
due to patients becoming used to a particular adverse 
event In real life, as opposed to the artificial setting of a 
clinical trial, early adverse effects are more likely to 
result in patients stopping their treatment. Further long- 
. term, placebo-controlled studies in asthma with the 
500 |xg dose as well as post-marketing surveillance data 
will be required to characterise further the real-life 
adverse-event profile of roflumilast. 

Clinical trials in COPD 

In a randomised, placebo-controlled, dose-ranging, phase 
II study of 6 weeks' duration in 424 patients with COPD 
{FEV, 46-8% predicted, salbutamol reversibility 5-4%), 
the doses of cilomilast given were 5 mg, 10 mg, and 15 mg 
twice daily. The primary outcome was trough FEV, before 
and . after bronchodilator use. 41 There was a significant 
increase in prebronchodilator FEV, with cilomilast 15 mg 
twice daily; the maximum increase compared with 
placebo was 0 16 L (95% CI 0- 09-0 -24), occurring at 
6 weeks of treatment (p<0 • 0001 vs placebo) . For postbron- 
chodilator FEV„ there was also a significant difference 
from placebo evident at 6 weeks with the 15 mg dose 
(0- 10 L [0 • 02-0 • 17]). Significant improvements were also 
seen in forced vital capacity {mean difference from 
placebo 019 L [0 07-0-31; p-O-001) and in peak 
expiratory flow (difference 34 L/min [18-50]; p<0*0001). 
Quality-of-life measures showed no significant difference 
between cilomilast and placebo. The most common 
adverse event was nausea, which occurred in 12% at 
10 mg and 1 1% at 1 5 mg compared with 1% with placebo. 
Diarrhoea occurred in 4% with 10 mg, ^% with 
15 mg, and 1% with placebo. For adverse events leading to 
withdrawal of patients, there were 13%, 12%, 11%, and 
8%, respectively, in patients taking 15 mg r 10 mg, 5 mg, 
and placebo, with the most common serious adverse event 
being an exacerbation of COPD. ' 

In a 6-month, randomised, phase III, double-blind, 
placebo-controlled, parallel-group, multicentre study, 
involving 647 patients with COPD (FEV, 47% predicted, 
with 7% reversibility), cilomilast 15 mg twice daily 
significantly improved trough FEV, (mean difference 
0 08 L; rxO OOl) and also significantly improved 
postexercise breathlessness (p=0-03) and significandy 



reduced the risk of exacerbation by 39% compared with 
placebo (p-0-002). 4MS In addition, there were significant 
improvements in health-related quality of life; patients 
achieved a mean reduction in the St George's respiratory 
questionnaire of 4-1 units (p<0 001); a 4-unit change 
represents clinically meaningful improvement A 
pharmacoeconomic analysis from the same study in 
340 patients assigned cilomilast and 196 assigned placebo 
showed that the non-drug cost per patient over the 
6-month period was significantly lower for the cilomilast 
than for the placebo group (incremental non-drug cost 
saving US$86 29 per patient [95% CI 19- 56-187- 3 1]). 4 * 
In terms of tolerability over 6 months with 15 mg twice 
daily, cilomilast was associated with higher frequencies of 
diarrhoea (12-7% vs 6-0%) and nausea (12-5% vs 4-1%) 
than placebo. These adverse events were generally mild to 
moderate in intensity and self limiting with or without 
cessation of treatment*? 

In a study to investigate the anti-mflammatory profile of 
cilomilast, a dose of 15 mg twice daily or placebo was given 
for 12 weeks to 59 patients with COPD; induced sputum 
testing and bronchial biopsy were done.* 1 Cilomilast had 
no effect on FEV, or sputum counts of neutrophils or 
macrophages compared with placebo and had no effect on 
supernatant concentrations of neutrophil elastase or 
interleukin 8. However, on bronchial biopsy, ANOVA 
showed significant reductions in CD8-positive (p=0 001) 
and CD68-positive cells (p=0 - 04) for cilomilast compared 
with placebo. Post-hoc Poisson regression analysis 
confirmed the reductions in the cilomilast group for both 
CD8-positive (48%, p=0 004) and CD68-positrve (55%, 
p<0-001) cells. Post-hoc analysis also showed significant 
reductions in subepithelial CD4-positive cells (42%, 
p=0 • 025) and neutrophils (37%, p«0 ♦ 049). Although these 
changes were impressive in terms of biopsy effects in 
COPD, whether this iiiflammation relates to features of 
the disease, such as symptoms, quality of life, or 
exacerbations, is unclear. 

Roflumilast has also been asssessed in a randomised, 
double-blind, parallel-group, placebo-controlled, multi- 
centre study of 516 patients with COPD (mean FEV, 54% 
predicted, 3 - 6% bronchodilator reversibility); groups were 
assigned placebo or 250 pig or 500 jig roflumilast once 
daily over 26 weeks after an initial 2-week run-in period on 
placebo/ 9 The results showed small but significant imp- 
rovements in FEV, (p<0 0001) and morning peak 
expiratory flow (p<0 - 012) with roflumilast compared with 
placebo. The mean improvements in FEV, were 0 057 L 
for placebo, 0 093 L for 250 u-g, and 0- 109 L for 500 jxg 
roflumilast; the corresponding improvements in peak 
flow were 2 L/min, 9 L/min, and 10 L/min (figure 5). The 
clinical relevance of such small changes in FEV, and peak 
flow is uncertain. In the same study, the numbers of 
adverse events that were judged to be drug related (eg, 
nausea, headache, and diarrhoea) were low, and most 
were mild to moderate in intensity and transient in 
duration. For the 500 p.g dose (n«169) versus placebo 



172 



www,thelancetcom Vol 36$ January 8, 2005 



New Drug Classes 



i 



(n=172) over 6 months, the frequencies of headache were 
4% versus 2%, abdominal pain 3% versus 1%, nausea 3% 
versus 2%, and diarrhoea 3% versus 0%. In a 12-month 
extension study with the 500 ,xg dose <n=397). the 
frequencies of the same adverse events were 1% in each 
case. 

There are more recent preliminary data with roflumilast 
250 p.g or 500 p,g once daily over 6 months from a double- 
blind, placebo-controlled, parallel-group study of 1411 
patients with moderate to severe COPD (FEV, 3OS0% 
predicted, <12% reversibility). This study showed small 
but significant improvements in FEV, compared with 
placebo (p<0 0001) with roflumilast 250 jxg (0 074 L) and 
500 u.g (0 097 L), as well as a significant reduction in the 
mean number of exacerbations per patient (p=0-0029) 
from M3 with placebo, to 103 with 250 ng and 0-75 
with 500 u-g (a 34% reduction at the highest dose). 5031 For 
health-related quality of life, there was a significant 
reduction in the St George's score (p<0«025), which was 
greater with 250 u.g (-3-25) and 500 u.g (-3-51) 
roflumilast than with placebo (-1 • 79). The most frequent 
drug-related adverse events in the roflumilast 250 u.g and 
500 u.g groups were diarrhoea (2% and 6%), nausea (1% 
and 3%), weight loss (1% and 2% ), headache (1% and 
2%). and dizziness (0% and 2%). Overall, most drug- 
related adverse events were mild to moderate in 
intensity." Moreover, roflumilast did not lead to any 
clinically significant changes in vital signs, electrocardio- 
graphic measures, or laboratory test results. The 
frequencies of these adverse events therefore seem to be 
lower in more elderly patients with COPD than in 
younger patients with asthma. 

Although there have been occasional reports from 
toxicity studies in rats of ischaernic colitis occurring with 
high doses with certain PDE4 inhibitors in development, 
there have to date been no published reports of this 
adverse event with cilomilast or roflumilast at 
conventional clinical doses. Nonetheless, due vigilance 
would be needed in patients who developed persistent 
abdominal pain and diarrhoea, and prompt drug 
cessation and colonoscopy would be indicated. 

The way forward 

In patients with mild to moderate persistent asthma at 
step 2 of the guidelines, further placebo-controlled, 
multicentre studies will be needed to assess the effects of 
PDE4 inhibitors on important clinical outcome measures, 
such as exacerbations, that may be closer to the underlying 
inflammatory process than measures of airway calibre 
such as FEV, and peak flow. Similar long-term studies 
powered on exacerbations in mild to moderate persistent 
asthma would also be indicated for direct comparison of a 
PDE4 inhibitor with inhaled steroids in low to medium 
dose (400-600 u,g bedomethasone dipropionate or its 
equivalent) given as monotherapy. 

The other issue that will need to be clearly defined for 
roflumilast and other PDE4 inhibitors in the future is in 



more severe persistent asthma at step 3 of the 
guidelines — ie, when used as adjuvant therapy to 
medium-dose inhaled corticosteroid. Such studies 
would involve a comparison between addition of a PDE4 
inhibitor to patients with uncontrolled asthma on inhaled 
corticosteroids and use of an increased dose of inhaled 
corticosteroid, as has been done with other step-3 
adjuvant therapies such as long-acting p a agonists and 
leukotriene-receptor antagonists. Subsequently, direct 
comparison of adjuvant therapy with either PDE4 
inhibitor or long-acting (3 2 agonist, leukotriene-receptor 
antagonist, or theophylline would be required. 

The evaluation of a PDE4 inhibitor versus other 
treatments as adjuvant therapy to inhaled corticosteroid 
at step 3 would require assessment of relative efficacy on 
surrogate inflammatory markers, such as bronchial 
biopsy, sputum eosinophilia, airway hyper- 
responsiveness, and exhaled nitric oxide. At step 4, in 
patients with severe asthma receiving high-dose inhaled 
or oral corticosteroid therapy, a back-titration design 
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would be indicated to investigate the putative 
corticosteroid-sparing effects of an added PDE4 inhibitor. 

In COPD, the key study would be a long-term, placebo- 
controlled assessment over 1 year of a PDE4 inhibitor for 
its effects on exacerbations and quality of life, and 
subsequently over 3 years to look also at decline in FEV P 
as has been done with high-dose inhaled corticosteroids. 
Ultimately, PDE4 inhibitors would have to be compared 
with other therapies such as long-acting anticholinergic 
drugs (eg, tiotropium), combination inhalers (eg, 
fluticasone/salmeteroi or budesonide/formoterol), or 
theophylline, as recommended in current guidelines. 

There is also the intriguing possibility in both asthma 
and COPD that restraining breakdown of cAMP with 
PDE4 inhibitors might act to potentiate the effect of 
long-acting p 2 agonists via activation of adenylyl cyclase, 
which in turn might result in the . possibility of synergy, 
particularly for . inflammatory-response outcome 
measures such as exacerbations. Concerted efforts by 
the pharmaceutical industry will be needed to address 
these important issues and to liase with key opinion 
leaders about the pivotal trials required to implement 
changes in management guidelines. 

In conclusion, therefore, the emerging dinical-trial 
data on PDE4 inhibitors in asthma and COPD should be 
interpreted with cautious optimism. The next few years 
should answer important questions about the potential 
role of these drugs as oral non-steroidal anti- 
inflammatory therapy for asthma and COPD. 
Ultimately, clinicians will want to know whether PDE4 
inhibitors are anything more than expensive 
theophylline. 
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Phosphodiesterase enzymes are responsible for the inactivation of cyclic 
adenosine monophosphate (cAMP) and cyclic guanosine monophosphate 
(cGMP). Phosphodiesterase 4 (PDE4) is a cAMP specific phosphodiesterase 
expressed in inflammatory cells such as eosinophils. Inhibition of PDE4 
results in an elevation of cAMP in these cells, which in turn downregulates 
the inflammatory response. The anti-inflammatory effects of PDE4 inhibi- 
tors have been well documented both in vitro and in vivo in a variety of 
animal models. The potential use of PDE4 inhibitors as anti-inflammatory 
agents for the treatment of asthma and other inflammatory disorders has 
received considerable attention from the pharmaceutical industry, but to 
date, there are no selective PDE4 inhibitors on the market. Early PDE4 
inhibitors, typified by rolipram, suffered from dose-limiting side effects, 
including nausea and emesis, which severely restricted their therapeutic 
utility. Second generation compounds, including CDP840 and SB207499 
(Ariflo™), have been identified with reduced side effect liability. Recent 
evidence suggests a correlation between side effects and the ability of 
compounds to bind at the so-called high affinity rolipram binding site 
(HPDE), whilst beneficial effects appear to correlate with binding at the 
catalytic site. A number of companies are actively pursuing compounds 
which exhibit improved affinity for the catalytic site and reduced affinity for 
the HPDE, in the expectation that this will provide compounds with an 
improved therapeutic index. 

Keywords: allergic rhinitis, anti-inflammatory, Ariflo, asthma, atopic 
dermatitis, cAMP, chronic obstructive pulmonary disease ( COPD), colitis, 
inflammatory bowel disease (IBD), multiple sclerosis, phosphodiesterase 4 
(PDE4), psoriasis, rheumatoid arthritis, rolipram, SB207499 
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1. Introduction 

cAMP and cGMP are ubiquitous second messengers that mediate biological 
responses to a variety of hormones, neurotransmitters, autocoids and drugs 
[11. As the concentration of these second messengers rise, they bind to and 
activate protein kinase A (PKA) and protein kinase G (PKG). These kinases 
phosphorylate a variety of substrates (such as transcription factors and ion 
channels) that regulate key cellular responses. Phosphodiesterase (PDE) 
en2ymes are responsible for the hydrolysis of cAMP and cGMP to inactive 
AMP and GMP, respectively. This results in a corresponding decrease in 
protein kinase activity and a change of the activation state of a number of 
biological pathways. Inhibition of PDE enzymes results in an accumulation 
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Figure 1: Structures of selective PDE4 inhibitors. 
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of cyclic nucleotides and an increase in protein kinase 
activity. Thus, the activation state of a number of 
pathways can be modulated by inhibition of PDE 
enzymes. The classification of PDE enzymes into 
seven isozyme families has been described elsewhere 
[2-4]. Recendy, PDE8 [5,61, PDE9 [7] and PDE10 [8] 
have been characterised. PDE4, first identified in 
1985, is specific for cAMP, and is characterised by 
selective inhibition by rolipram, a synthetic inhibitor 
described in 1976. Early studies on PDE4 inhibitors 
were directed at CNS indications, including depres- 
sion. More recently, the distribution of PDE4 enzyme 
activity in inflammatory cells has led to increased 
interest in the use of PDE4 inhibitors as 
anti-inflammatory agents. The structure, function, 
regulation and distribution of PDE4 have been 
reviewed recendy 191 This review will focus on the 
therapeutic potential of selective PDE4 inhibitors in a 
variety of diseases, with an emphasis on develop- 
ments which have occurred in the last three years. 



2. Asthma 



2.1 Introduction to asthma 

Asthma is one of the most common chronic diseases 
worldwide and constitutes an enormous economic 
burden to both individuals and society [10]. It is a 
complex disorder, characterised by intermittent 
reversible airway obstruction, airway hyper- 
responsiveness and inflammation [11]. The cause of 
asthma remains undetermined but the most common 
pathological expression is now recognised to be 
inflamrnation of the airways [11,12]. Considerable 



inflammation is observed, even in the airways of 
patients with mild asthma. Bronchial biopsy and 
lavage studies have demonstrated unequivocal 
involvement of mast cells, eosinophils and 
T-lymphocytes as the infiltrating cell types in 
asthmatic airways [13]. The eosinophils and lympho- 
cytes infiltrating the bronchial wall show markers of 
activation even in stable asthma [14,151- Bronchoal- 
veolar lavage in atopic asthmatics shows activation of 
interleukin (IL)-3, IL-4, IL-5 and granulo- 
cyte/macrophage-colony stimulating factor 
(GM-CSF), suggesting a T-helper 2 (Th2)-like T-cell 
population [15]. 

Traditional therapies for asthma fall into four classes 
[10,15,16], namely bronchodilators (such as P2-adren- 
oceptor agonists), anti-inflammatory agents (mainly 
corticosteroids), prophylactic anti-allergy agents 
(such as sodium chromoglycate) and xanthines 
(predominantly theophylline). More recently, 
modulators of leukotriene activity [17,18] (LTD4 
receptor antagonists, 5-LO inhibitors and FLAP inhibi- 
tors) have been approved for the treatment of asthma. 
P 2 agonists are potent bronchodilators and are useful 
for the treatment of acute asthma and prevention of 
exercise-induced asthma, but they do not have 
anti-inflammatory properties. There is considerable 
controversy surrounding the regular, long-term use of 
these agents [15]. Concerns include the development 
of tolerance, induction of airway hyper-reactivity and 
a deterioration of asthma control. In contrast, corticos- 
teroids are potent anti-inflammatory agents and 
reduce the infiltration of mast cells, T-lymphocytes 
and eosinophils into the bronchial mucosa. Side 
effects associated with the prolonged use of steroids 
include dysphonia, oropharyngeal candidiasis, 
suppression of the hypothalamic-pituitary axis, high 
bone turnover, reduced bone mineral density and 
metabolic effects. The significance of many of these 
effects is disputed [151- Another limitation of £2 
agonists and steroids is that they are administered as 
aerosols, which limits patient compliance. Chronic 
oral administration of these classes of drugs is not 
currendy possible due to side effect liabilities. 

Sodium chromoglycate and nedocromil sodium are 
believed to inhibit mast cell mediator release, 
including the generation and release of cytokines [131 
but their utility as anti-inflammatory agents is disputed 
[7]. Sodium chromoglycate is only useful in mild to 
moderate allergic asthma. Nedocromil is more potent, 
and may allow a reduction in corticosteroid dose. 
Both of these agents are notable for their lack of 
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systemic side effects and provide an alternative nausea. The mechanism of action of theophylline has 

therapy for mild asthmatics. Theophylline has a been the subject of intense debate, but it is now 

narrow therapeutic index and long-term maintenance generally acknowledged that inhibition of PDE4 

therapy with this agent is no longer recommended accounts for at least some of the beneficial attributes 

Side effects include tachycardia, headache and of theophylline [19-22]. Indiscriminate inhibition of all 
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PDEs in all tissues of the body by theophylline is 
responsible for many of the side effects encountered 
with elevated plasma concentrations of this drug 
[23,24]. This realisation has prompted the search for a 
more potent and selective PDE4 inhibitor 



22 The role of PDE4 in asthma 

PDE4 is specific for cAMP, and is the predominant 
PDE found in the inflammatory cells associated with 
asthma. Inhibition of PDE4 results in the elevation of 
cAMP, which suppresses the activity of immune and 
inflammatory cells. The distribution of PDE4 in 
inflammatory cells and airway smooth muscle, and 
the effects of selective PDE4 inhibitors in vitro have 
been reviewed recently [91- Effects that have been 
demonstrated include the inhibition of the release of 
leukotrienes and histamine from basophils and inhibi- 
tion of GDI lb expression, reactive oxygen species 
production, chemotaxis and degranulation from 
eosinophils. In addition, PDE4 inhibitors decrease the 
release of tumour necrosis factor (TNF>a from 
macrophages and monocytes and reduce the produc- 
tion of IL-2, IL-4, IL-5, IL-13 and interferon (IFN>Y 
from T-lymphocytes. There is no doubt that selective 
PDE4 inhibitors exert potent anti-inflammatory effects 
in vitro and thus should have benefits in the treatment 
of asthma. Bronchodilation with selective PDE4 
inhibitors is less convincing, although significant 
effects can be achieved with mixed PDE4/PDE3 



inhibitors or by using a combination of a selective 
PDE3 and a selective PDE4 inhibitor [25,26]. 

One of the first selective PDE4 inhibitors to be discov- 
ered was rolipram [27,28] (Schering AG) (Figure 1), 
which was initially developed as a potential treatment 
for depression. This compound has been the subject 
of numerous in vivo studies and has shown efficacy in 
many animal models, including models of asthma. 
Another early inhibitor was Ro20-1724 [291 (Roche) 
(Figure 1), which has also been widely studied in 
vivo. Table 1 provides a summary of the data 
generated for a collection of more recent selective 
PDE4 inhibitors in animal models of asthma. The 
strutures of the compounds discussed in Table 1 are 
provided in Figure 2-4. 

In addition to the compounds listed above, there are 
several reports describing the in vivo activity of a 
variety of selective PDE4 inhibitors in animal models 
[31,59,87-911. 

It is clear from the results presented in Table 1 that 
selective PDE4 inhibitors show good activity in 
appropriate asthma models, and would thus be 
expected to have potential in the treatment of this 
disease. However, most of the inhibitors described to 
date suffer from side effects, which limit their utility. 

23 Side effects of PDE4 inhibitors 

The side effects most commonly associated with 
selective PDE4 inhibitors, including the prototypical 
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inhibitor rolipram, are nausea and emesis [92-94]. 
Other reported effects include gastrointestinal 
discomfort (including increased gastric acid secretion 
[93,95D and CNS effects 193,96-100]. In addition to 
binding at the catalytic site of PDE4 (Ki 0.5-1 uM), 
rolipram has been found to bind with high affinity (Kj 
- 1 nM) at an additional site. This site has been termed 
the high affinity rolipram binding site, or HPDE4. The 
nature and function of this site have been the subject 
of considerable debate, but it is now generally 
accepted that this site represents an alternative 
conformation of PDE4 [99-108]. There is evidence to 
support the theory that the side effects associated with 
selective PDE4 inhibitors are correlated with the 
binding affinity of inhibitors with the HPDE4 
[9,109-110], whereas therapeutic effects, including 
anti-inflammatory properties, appear to correlate 
better with affinity for the catalytic site [9,111-1151. 
These observation have prompted a number of 
companies to search for compounds which 
demonstrate reduced affinity for the HPDE4 and/or 
improved affinity for the catalytic site. An improve- 
ment in selectivity for the catalytic site is expected to 
translate into an improved therapeutic ratio. 

Another approach to reducing side effects has been 
reported by Pfi2er, who have designed inhibitors with 
reduced CNS penetration [70]. If side effects are 
centrally mediated, reduced CNS penetration should 
be beneficial. Synthesis of inhibitors designed to 
possess reduced ability to enter the brain did not 
result in reduction in emetic potential. Further 
structural modifications were designed to reduce high 
affinity rolipram binding, and compounds with 
reduced emetic potential were discovered using this 
latter approach. 

The existence of four PDE4 subtypes and differential 
tissue distribution of these subtypes suggests that 
subtype selective inhibitors may provide the required 
separation of therapeutic effects from unwanted side 
effects. However, there are challenges associated with 
this approach, including the high sequence homology 
among the four subtypes. Choosing which subtype to 
target poses an additional challenge, and it is unclear 
whether inhibiting a single subtype will have 
sufficient impact on total cellular cAMP to translate 
into a biological response. The existence of over 
twenty PDE4 splice variants is an additional complica- 
tion which make this approach problematical. The 
synthesis and biological characterisation of subtype 
selective inhibitors is required before this approach 
can be validated \9l 



A final strategy, which may allow separation of 
efficacy from side effects, is to dose directly into the 
lung thus minimisting systemic exposure to inhibitors 
[116]. However, there are data which indicate that this 
approach fails to overcome the side effects of PDE4 
inhibitors [117]. 

2.4 Clinical experience with PDE4 inhibitors 

There are currently no selective PDE4 inhibitors on 
the market. Table 2 provides a summary of the 
selective PDE4 inhibitors which have undergone 
developemnt for asthma. The structures of these 
compounds are depicted in Figures 2-5. The 
development of drugs of this class has been hampered 
by adverse events, particularly nausea and emesis. 
Clinical experience with PDE4 inhibitors has been 
reviewed recently [118,1191. 

Arofylline (oral formulation) was found to be effective 
in a randomised, double-blind, placebo-controlled 
Phase II study in sixteen patients with mild asthma. A 
20 mg dose significantly increased expiratory volume. 
Lower doses were less effective. No data are available 
from Phase III studies. An inhaled formulation is 
currently being evaluated in a Phase I trial. 

SB207499 was evaluated in a randomised, placebo- 
controlled double-blind crossover Phase II trial in 
twenty seven asthmatic patients. An oral dose of 10 
mg was found to protect against exercise-induced 
asthma and no adverse events were reported with this 
dose. However, doses of 15 mg and 20 mg were 
associated with nausea and emesis [123]. In a multi- 
centre, placebo-controlled, double-blind randomised 
parallel group Phase III trial in over 300 asthmatics the 
effect of SB207499 on FEV X was measured. The trial 
studied mild-moderate asthmatics inadequately 
controlled by inhaled steroids. Significant improve- 
ment in FEV X with "marked improvement 71 compared 
with placebo resulted following b.i.d. administration 
of 15 mg of SB207499. Lower doses did not produce 
significant effects, and all doses tested were safe and 
well-tolerated [124]. Combinations of SB207499 with 
oral prednisolone [125], theophylline [126] and 
salbutamol [127] have also been reported. 

Clinical evaluation of CDP-840 was discontinued in 
1996 due to disappointing efficacy. The development 
of filaminast has apparendy been terminated, and no 
clinical data have been reported. The development of 
piclamilast has been discontinued due to problems 
with side effects and poor pharmacokinetics. 
Atizoram is under development for atopic dermatitis. 
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The effects of V-11294A on LPS-stimulated ex vivo 
TNF release and PHA induced lymphocyte prolifera- 
tion were determined in eight healthy volunteers in a 
randomised, double-blind placebo-controlled study. 
An oral dose of 300 mg was found to be effective in 
reducing TNF levels and lymphocyte proliferation 
[137,1381. D4418 was administered to healthy 
volunteers in a single escalating dose, randomised, 
placebo-controlled Phase I study. No emesis was 
observed at any of the doses tested, and only mild side 
effects were noted at the higher doses [861. CI-10T8 
was evaluated in 54 subjects and no adverse events 
were reported at doses up to 400 mg [84]. CC-3052, 
D-22888, YM-58997 and Bay-29-8004 are thought to 
be undergoing clinical evaluation, but results have not 
yet been reported 

3. Allergic rhinitis 

Allergic rhinitis is characterised by nasal obstruction, 
itching, watery rhinorrhea, sneezing and occasional 
anosmia [140]. It can be divided into perennial and 
seasonal disease, in which perennial allergic rhinitis 
can usually be attributed to common allergens, such 
as house dust mite, animal danders and mould spores, 
and seasonal disease can be attributed to pollen or 
outdoor mould spores [141]. Allergic rhinitis is 
generally made up of an early phase response and a 
late phase response, reminiscent of asthma. The early 
phase response is associated with mast cell degranula- 
tion [142], while the late phase response is 
characterised by infiltration of eosinophils, basophils, 
monocytes and T-lymphocytes. A variety of inflamma- 
tory mediators are released by these ceils, all of which 
may contribute to the late phase inflammation 
[143,144]. The similarities between the pathology of 
allergic rhinitis and asthma suggest that PDE4 inhibi- 
tors should have utility in both diseases. D-22888 has 
been shown to exert a strong anti-allergic effect and 
inhibit rhinorrhea in the antigen-challenged pig, and 
this compound is reported to be under preclinical 
development for the treatment of allergic rhinitis [82]. 
AWD-1 2-281 has been shown to be active in a rat 
model of allergic rhinitis [74]. 

4. Chronic obstructive pulmonary disease 
4.1 Introduction to COPD 

Chronic obstructive pulmonary disease (COPD) is 
characterised by irreversible, progressive airways 



obstruction and encompasses emphysema and 
chronic bronchitis [1451. Chronic bronchitis is associ- 
ated with hyperplasia and hypertrophy of the mucus 
secreting glands of the submucosa in the large 
cartilaginous airways. Goblet cell hyperplasia, 
mucosal and submucosal inflammatory cell infiltra- 
tion, oedema, fibrosis, mucus plugs and increased 
smooth muscle are all found in the terminal and 
respiratory bronchioles. The small airways have been 
shown to be the major site of airway obstruction. 
Emphysema is characterised by destruction of the 
alveolar wall and loss of lung elasticity. There is a well 
established link between smoking and incidence of 
COPD, and several other risk factors have been identi- 
fied, including exposure to coal dust and various 
genetic factors [146,147]. Clinical presentation of, 
COPD varies from simple chronic bronchitis without 
disability to a severely disabled state with chronic 
respiratory failure. The incidence of this disease is 
increasing; the economic burden is substantial 
[148,1491. 

Inflammauon of the airways is characteristic of COPD, 
and bronchoalveolar lavage fluid and sputum from 
COPD patients contains increased numbers of neutro- 
phils. Some studies have demonstrated a correlation 
between neutrophilia and degree of airway obstruc- 
tion. BAL samples and sputum also contain elevated 
levels of a number of inflammatory mediators, 
including IL-8, leukotriene B4 (LTB4) and TNF-a. 
Bronchial biopsy has demonstrated an infiltration 
with T-lymphocytes and macrophages in the surface 
epithelium and sub-epithelium. Some studies have 
also reported increased numbers of neutrophils. 
Increases in airway eosinophil numbers have been 
reported only in chronic bronchitics with exacerba- 
tions. Biopsies have also demonstrated increased 
levels of TNF-a and EL-4 [145L It is clear that neutro- 
phils play a key role in COPD, but further research is 
required to define the roles played by alveolar 
macrophages, T-lymphocytes and airway epithelial 
cells. 

Several guidelines for the treatment of COPD have 
been published, and all advocate cessation of 
smoking. An important role in control of symptoms is 
played by bronchodilators, but these drugs fail to alter 
the progression of the disease [150L Bronchodilators 
include p-agonists and anticholinergics. The major 
advance in this area has been the development of 
longer acting drugs [151]- Theophylline has also been 
administered to COPD patients, and has been found 
to reduce neutrophil counts in induced sputum [152]. 



© Ashley Publications Ltd. All rights reserved. 



Exp. Opin. Invest. Drugs (1999) 8(9) 



Dyke & Montana 1309 



The inflammation associated with COPD provides a 
rationale for the use of steroids, but the benefits are 
unconvincing [151]. Steroids may be beneficial in 
slowing the progression of COPD, but as discussed 
previously, there are side effects associated with this 
class of drug. There is a clearly a need for novel, safe 
disease modifying therapies. Several new approaches 
to the treatment of COPD are under investigation, and 
these have been reviewed recendy [151]. 

4.2 Role of PDE4 in COPD 

PDE4 is the pi^orninant PDE in neutrophils and 
macrophages [87,153-1551, Inhibition of PDE4 in 
neutrophils results in reduced chemotaxis, activation, 
adherence and degranulation [154,156,1571. In 
peripheral blood neutrophils, PDE4 inhibitors reduce 
superoxide anion production in response to a number 
of stimuli [153,154,156,158-1601. Leukotriene 
synthesis is regulated by PDE4 inhibitors [154], and 
inhibition of CDllb/CD18 expression is also 
observed [161,162]. Inhibition of alveolar macrophage 
PDE4 reduces the release of chemotactic factors and 
TNF-a [1631 and increases JL-10 synthesis [164]. The 
role of PDE4 in immune and inflammatory cells has 
been reviewed recently ©]. 

Whereas asthma has attracted a considerable amount 
of work, and the effects of a large number of PDE4 
inhibitors have been evaluated in animal models, 
considerably fewer studies have been reported on the 
effects of inhibitors in models of COPD. Models of 
COPD are characterised by airway neutrophilia, rather 
than the eosinophilia measured in asthma models. In 
a sensitised mouse model, oral administration of 
T-440 significandy inhibited airway obstruction and 
neutrophilia induced by antigen provocation [165L In 
guinea-pigs, SB207499 inhibited LPS-induced neutro- 
philia and oedema [1661. 

43 Clinical experience 

SB207499 is the only selective PDE4 inhibitor which 
has been evaluated in COPD patients. In a Phase II 
trial, treatment with SB207499 15 mg twice a day for 
six weeks resulted in increases in FEV 3 and forced 
vital capacity (FVC) [128,167]. Efficacy was also 
demonstrated in a four week trial, with improvement 
in FEVi and other parameters [128]. A six week Phase 
III study in COPD patients receiving 15 mg twice a day 
demonstrated improvement in FEVj [128]. 



5. Rheumatoid arthritis 



5.1 Introduction to RA 

Rheumatoid arthritis (RA) is a crippling autoimmune 
disease, which affects over 1% of the population. It is a 
chronic systemic disease of unknown aetiology that 
produces significant morbidity and some mortality 
[168J. Three major pathological features contribute to 
the progressive joint destruction: inflammation; 
abnormal cellular and humoral responses; synovial 
hyperplasia [169,170]. The current treatment of RA 
consists of a combination of non-steroidal 
anti-inflammatory drugs (NSAIDs) and disease 
modifying antirheumatic drugs (DMARDs). The 
NSAIDs provide symptomatic relief, but do not have 
any effect on the underiying disease. These agents 
also suffer commonly from GI side effects that often 
limit patient compliance. The DMARDs, such as 
methotrexate, sulfasalzine and gold salts [171], are 
very slow acting and have limited patient efficacy 
[172] with a significant incidence of adverse reactions 
[1731. 

The cellular pathology of RA is very complex, but the 
presence of T-cells and monocytes, and their role in 
the initiation and development of arthritic lesions is 
well characterised. T-cells constitute up to 50% of cells 
recovered from the synovial tissue of RA patients. 
These cells show an enhanced ability to cross 
membranes and are found to be predominantly 
memory T-cells. Of the monocytes found in RA 
synovium, 30 - 50% are antigen presenting cells, 
illustrating , the high autoimmune component to the 
disease [174]. There is also considerable evidence 
now that the proinflammatory cytokines such as 
IL-ip, H-6 and TNF-a are the major contributors to 
joint tissue damage, inflammation, hyperplasia, 
pannus formation and bone resorption [1751. Indeed, 
the use of monoclonal antibodies to TNF-a has shown 
significant promise in RA clinical trials [176]. 

52 Role of PDE4 inhibitors in RA 

PDE4 inhibitors suppress the action of a wide range of 
inflammatory cells, including basophils, eosinophils 
and mast cells [177]. They also possess a very broad in 
vitro anti-inflammatory action via inhibition of the 
release of reactive oxygen species [178], prosta- 
glandins, and inflammatory cytokines such as IL-5 
[86,1791, IFN-y [179] and TNF-a [86,178,179]. PDE4 
inhibitors also have the potential to address the T-cell 
component of RA, since they are very effective in 
inhibiting T-cell proliferation mediated via a range of 
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Figure 5: Structures of selective PDE4 inhibitors. 

OCH. 



CQ 2 CH 3 



CC-3052 



6- 



. xanthine 1 

different agents including antigens such as house dust 
mite [179]- They are also capable of facilitating the 
release of the anti-inflammatory cytokine, IL-10, from 
monocytes [180]. IL-10 in turn is capable of decreasing 
the generation of TNF-a, IL-lp and GM-CSF by 
synovial fluid mononuclear cells [181], thus 
augmenting the overall anti-inflammatory profile of 
PDE4 inhibitors. 

Of particular interest to the treatment of RA is the 
potent inhibition of TNF-a released from stimulated 
monocytes 186,178,179]. This in vitro effect translates 
into animal models of inflammation in which 
anti-inflammatory effects correlate with suppression 
of TNF-a accumulation. These include the inhibition 
of LPS induced TNF-a release in mice by oral admini- 
stration of CP80633 [182], and the inhibition of rat paw 
oedema, induced by carageenan, by oral administra- 
tion of rolipram [1831 

The impressive in vitro anti-inflammatory profile of 
PDE4 inhibitors and their utility in the modulation of 
TNF-a in vivo prompted a number of groups to 
explore the potential of PDE4 inhibitors in animal 
models of RA. An early disclosure from Glaxo linked 
the anti-inflammatory activity of the archetypal, 
selective PDE4 inhibitor, rolipram, in acute inflamma- 
tion models with significant effects in a mouse 
adjuvant arthritis model [184]. More recently, the same 
compound has been shown to reduce disease severity 
in collagen II induced arthritis (CIA), in the mouse 
after sc. [185] or ip. injection [186]. 



A considerable amount of work has been reported in 
this area from workers at Rhone-Poulenc Rorer (RPR). 
They have investigated the effect of selective PDE4 
inhibitors in both CIA and streptococcal cell 
wall-(SCW) induced arthritis [187]. A range of 
compounds has been evaluated in these models and 
they generally show significant amelioration of 
disease [187-189]. For example, RP73401 exhibited 
significant improvements in joint destruction, 
synovitis and fibrosis over the oral dose range 3-30 
mg/kg [187]. Of particular interest to RA was the 
finding that RP73401 and related compounds 
decrease TNF-a raRNA expression at the 
pannus/cartilage interface of paw joints of collagen II 
treated mice, again illustrating the anti-TNF activity of 
PDE4 inhibitors at the site of action of the disease 
[187]. However, as with the treatment of asthma, the 
efficacy of PDE4 inhibitors has to be compared with 
the side effect profile of this class of compound (see 
Section 2.3). Comparisons of efficacy using a model of 
TNF-a release in the mouse with emesis in the dog 
have been undertaken [188]. These studies illustrate 
that emesis in the dog generally occurs at lower doses 
than is required for inhibition of TNF-a release. 
However, the key question with compounds of this 
type is how does such a therapeutic index in animal 
studies translate to man? 



53 Clinical experience 

The first selective PDE4 inhibitor to be studied 
clinically in RA patients was the RPR compound, 
RP73401. In a small placebo-controlled, double-blind 
Phase II study of 35 RA patients, RP73401 (400 ug 
Li.d.) was able to induce a positive trend towards 
clinical improvement associated with a reduction in 
C-reactive protein (CRP) and IL-6 serum levels, with 
no serious or unexpected adverse events [190,191]. 
The results from this study were not statistically 
significant, but this was probably due to the size of the 
study and its short duration. Earlier Phase I tolerance 
studies assessed the ability of the compound to 
suppress ex vivo LPS induced TNF-a release in whole 
blood from healthy volunteers. Suppression of the 
response was observed at a minimum oral dose of 1.6 
mg Li.d. However, at this dose, the side effects typical 
of a PDE4 inhibitor, including nausea, were observed. 
Therefore, it was not possible to determine whether 
there was a good correlation in man between inhibi- 
tion of TNF-a release and amelioration of disease 
[187]. In order for this to be investigated further, PDE4 
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inhibitors with an improved therapeutic index are 
required. 



6, Atopic dermatitis 



6.1 Introduction to AD 

Atopic dermatitis (AD) is a chronic inflammatory skin 
disease which affects some 10 - 15% of the population 
during childhood. The prevalence of the disease is 
increasing and there are few, if any, current therapies 
which are directed at the underlying disease [192]. AD 
is part of the so-called 'atopic triad' and occurs 
frequendy in individuals with asthma and/or allergic 
rhinitis [193,194]. 

Th2 type cytokine secreting T-cells expressing the 
cutaneous lymphocyte associated antigen play a 
central role in the induction of local IgE responses and 
recruitment of eosinophils in this disease. Chronic 
inflammation in AD probably involves a number of 
interdependent factors, such as repeated or persistent 
allergen exposure, which can lead to Th2 cell 
expansion [1951. A number of reports have 
demonstrated an increased frequency of allergen 
specific T-cells producing increased IL-4, IL-5 [1961 
and IL-13 levels in the blood of AD patients [197]. 
These are important findings because IL-4 and IL-13 
induce the expression of vascular adhesion 
molecule-1 (VCAM-1), an adhesion molecule 
involved in the migration of mononuclear cells and 
eosinophils into sites of tissue inflammation. Also, IL-5 
is a key mediator of eosinophil activation, which is a 
common feature of atopic disease [196]. 

It is well recognised that increased cAMP concentra- 
tions in lymophocytes and basophils are associated 
with decreased mediator release from these cells 
[198]. In addition, it has recently been reported that 
histamine acting on H2 receptors increased cAMP and 
inhibited IL-4 production in murine Th2 cells. 
Therefore, it has been postulated that impaired 
P-adrenergic responses or enhanced PDE4 activity of 
leukocyte inflammatory responses are present in 
atopic diseases such as AD. A diminished cAMP 
response could result from an enhanced PDE4 activity 
on either a genetic or acquired basis. 

6.2 Role of PDE4 inhibitors in AD 

Evidence for the hypothesis of diminished cAMP 
response in atopic disease has been explored by a 
number of groups, and several comparisons of 



different cell types from atopic patients and healthy 
volunteers have been studied [199-201]. These studies 
illustrate that the increased cAMP-PDE activity in 
atopic cells correlates with abnormal inflammatory 
and immune cell function in AD [201]. It has also been 
shown that the PDE4 enzyme from atopic leukocytes 
is more sensitive to PDE4 inhibitors than the PDE4 
enzyme from normal leukocytes. In this study there 
was up to a 14-fold increase in the PDE4 inhibitory 
concentration when the atopic and normal enzymes 
were compared [201] (e.g. rolipram: AD IC50 = 660 
nM; normal IC 50 = 1270 nM). This has also been 
translated into an increased sensitivity in the inhibi- 
tion of proliferation of peripheral blood mononuclear 
cells from atopic donors on treatment with PDE4 
inhibitors. For example, rolipram was more effective 
at inhibiting PHA stimulated AD PBMC proliferation 
(IC50 = 280 nM) than it was PHA stimulated normal 
PBMC proliferation (IC 50 = 2600 nM). 

Whilst there are no data illustrating the utility of PDE4 
inhibitors in animal models of AD, workers at 
Chiroscience have shown that a structurally diverse 
range of selective PDE4 inhibitors [202-204] are 
effective in reducing skin eosinophilia mediated via a 
range of agents in the guinea-pig. For example, the 
xanthine 1 (Figure 5), shows marked inhibition of 
skin eosinophilia mediated via PAF, arachidonic acid, 
zymosan activated plasma and protein of cutaneous 
anaphylaxis, illustrating the potential utility of PDE4 
inhibitors in eosinophil driven skin diseases [202]. 

63 Clinical experience 

One of the advantages of skin disorders such as AD, 
from a clinical perspective, is the potential of topical 
treatment This route of administration provides a way 
of limiting systemic exposure and hence unwanted 
side effects. Pfizer have exploited this opportunity 
with the selective PDE4 inhibitor, atizoram. The 
compound was originally developed as an oral 
treatment for asthma, but a short plasma half-life and 
induction of emesis in man precluded further 
development for this indication [118]. Therefore, the 
compound is being evaluated as a topical treatment 
for AD. Topical atizoram has been evaluated in 20 
patients with AD and has shown beneficial effects. 
When applied bilaterally over eight days, the 
compound effectively inhibited all of the inflamma- 
tion parameters tested [205] and showed both 
qualitative and quantitative improvements with no 
adverse effects. This is the first study to suggest that 
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there may be a role for PDE4 inhibitors in the 
treatment of AD. 



7. Psoriasis 



7.1 Introduction to psoriasis 

Psoriasis is a common skin disease affecting approxi- 
mately 2% of the population; Annually 1.5 m patients 
in the USA are seen by physicians for psoriasis, with 
associated out-patient healthcare costs estimated to 
be between $1.6 - 3.2 bn [206]. For those who contract 
the disease, it is usually recurrent and sometimes very 
debilitating. 

The exact cause of psoriasis is unknown, although- it 
appears to be an autoimmune disease with a likeli- 
hood for genetic predisposition [207]. There is a large 
T-cell infiltration in the affected regions of the skin, 
with CD4+ lymphocytes in the dermis and CD8+ 
lymphocytes in the epidermis. These lymphocytes 
secrete IL-2, IFN-y and TNF-a which alter keratinocyte 
proliferation and differentiation [208]. In addition, 5 - 
10% of psoriasis patients develop psoriatic arthritis, 
with symptoms that are very similar to RA. Thus, the 
potential utility of PDE4 inhibitors in RA and the broad 
spectrum anti-inflammatory action of such 
compounds suggests that they have the potential to 
provide a beneficial treatment for psoriasis. As with 
AD, psoriasis also provides the opportunity for topical 
treatments, thus reducing the systemic side effect 
liability. 

73, Role of PDE4 inhibitors in psoriasis 

Only a limited amount of work has been published on 
the potential utility of PDE4 inhibitors in the treatment 
of psoriasis. However, a number of groups have 
investigated the effect of PDE4 inhibitors on skin. It 
has been shown that treatment of epidermal basal 
cells, in primary culture, with the PDE4 inhibitor, 
Ro2<M724, leads to a three fold increase in cAMP 
concentrations, illustrating that these cells contain 
active PDE4 protein [209). A similar study comparing 
the effects of Ro20-1724 on psoriatic epidermal slices 
and keratomed psoriatic epidermal slices showed a 
very marked elevation of cAMP over controls (1395% 
increase in cAMP in keratomed psoriatic epidermis) 
[210], suggesting that PDE4 inhibitors may be 
potentially beneficial in psoriasis. 

With regard to the inflammatory component of the 
disease, PDE4 inhibitors have been shown to inhibit 



the inflammatory response of. a number of mediators 
via either topical [211] or systemic administration 
[202-2041. For example, rolipram has been shown to 
inhibit croton oil-induced ear inflammation in the 
mouse at topical doses as low as 0.03 mg per ear [11]. 
Also, a range of selective PDE4 inhibitors from 
Chiroscience have shown marked reduction in 
eosinophil accumulation in guinea-pigs after 
challenge with a range of inflammatory mediators, 
including PAF, protein of cutaneous anaphylaxis and 
zymosan activated plasma [202-2041. 

73 Clinical experience 

As with AD, one advantage of targeting psoriasis as a 
clinical end point, is the possibility of topical admini- 
stration. This is the approach that has been adopted 
with the only PDE4 inhibitor reported to have been 
investigated clinically. The selective PDE4 inhibitor, 
Ro20-1724, was investigated in two double-blind 
studies comparing its effectiveness to vehicle. In these 
studies it was shown to improve psoriatic lesions, but 
it was not as effective as intensive occlusive treatment 
of psoriatic lesions with 0.025% triamcinolone 
acetamide. However, Ro20-1724 had no adverse 
systemic or cutaneous effects, suggesting the 
therapeutic potential of such compounds in the 
treatment of psoriasis [212] 

8. Multiple sclerosis 



8.1 Introduction to MS 

Multiple sclerosis (MS) is an autoimmune disease 
which is characterised by chronic inflammation, 
demyelination and subsequent gliosis within the 
central nervous system (CNS) [213,214]. MS 
encompasses several disease subtypes, including 
primary progressive MS and relapsing remitting MS 
[215,216]. The subtypes can be distinguished by 
disease course, type of inflammation [214] and 
magnetic resonance imaging (MRJQ findings [217]. 
Disease mechanisms may change during the course of 
the disease, with inflammation playing a major role 
early on, and a subsequent change in emphasis to 
demylination and axonal damage [218]. 

Inflammatory lesions are localised to the white matter 
of the CNS, Sclerotic plaques, characterised by 
demylination, are a hallmark of the disease. Oligoden- 
drocytes undergo necrosis, which leads ultimately to 
the development of demylination [2191. The process 
of demylination is associated with an infiltrate 
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composed mainly of T-cells and macrophages [2203. 
The infiltrating macrophages and local cells, such as 
astrocytes, microglia and microvascular brain 
endothelial cells, express major histocompatibility 
complex (MHC). class II, which implicates these cells 
in antigen presentation and an inflammatory response 
[221]. The autoantigens involved in human MS have 
not yet been elucidated. The basis for the generation 
or activation of self-reactive T-cells has not been 
confirmed, but may involve cross-reactivity between 
endogenous myelin antigens and exogenous bacterial 
or viral products [222]. A number of pro-inflammatory 
cytokines, including TNF-a, TNF-0, H-l, IL-6 and 
EFN-f have been identified in the brain of MS patients 
and their presence is generally associated with active 
lesions [223,224]. TNF-a has received particular 
attention, for several reasons. TNF-a mediates myelin 
and oligodendrocyte damage in vitro [5,122], induces 
astrocytes to express surface adhesion molecules [226] 
and is associated with disruption of the blood-brain 
barrieR2 [27]. Animal models provide additional 
evidence for a role of TNF-a. In experimental allergic 
encephalomyelitis (EAE), administration of anti-TNF 
antibodies or soluble TNF receptors provided a 
protective effect [228-230]. A direct correlation 
between the level of TNF-a mRNA and progression of 
EAE has been reported [231], and an increased 
concentration of TNF-a in the cerebrospinal fluid of 
MS patients during the course of the disease has been 
reported [227]. A transgenic mouse overexpressing 
TNF-a in the CNS showed signs of spontaneous 
demyelination [232], but observations with transgenic 
TNF-a knockout mice suggested a protective role for 
TNF-a [233]. 

Disease modifying treatments for MS have been 
reviewed recently [218]. The most promising therapy 
currently available is the recently approved 
interferon-p, which is considered as a milestone in MS 
therapy. Other drugs which have been investigated in 
clinical trials for MS include corticosteroids, 
cyclosporin, tacrolimus and a variety of other 
immunosuppressive and anti-inflammatory agents 
[218]. 

8.2 Role of PDE4 in MS 

The role of PDE4 inhibitors in MS has been reviewed 
recently [234]. As discussed in Section 5.2, PDE4 
inhibitors reduce TNF-a production, which suggests 
they may be beneficial in the treatment of MS since 
TNF-a has been implicated in this disease. Rolipram 
has been investigated in several EAE models, with 



mixed results. Rolipram was reported to reduce 
disease severity in a Lewis rat EAE model, although 
the effect was temporary. A second study in rats 
demonstrated delay in disease onset, but no reduction 
of severity. Histological analysis indicated reduction 
of severity of inflammatory cell infiltrate [235,236]. The 
results show that rolipram does not block the 
immunological induction pathways leading to EAE, 
but merely suppresses the inflammatory effects of the 
disease. In a marmoset EAE model, rolipram 
suppressed the appearance of clinical signs and 
abolished abnormalities in MRI imaging. Reduced 
severity of inflammation was again observed, but the 
beneficial effects of rolipram were again temporary 
[237]. A recently reported study of the effects of 
rolipram in chronic relapsing EAE in SJL mice 
indicated that rolipram ameliorates clinical signs and 
pathological changes in this model [238]. Overall, 
these data suggest that PDE4 inhibitors will be 
effective anti-inflammatory agents, but not disease 
modifying agents. 

S3 Clinical experience 

Rolipram is reported to be undergoing Phase n trials 
for the treatment of MS [2391. SH-636 (Schering AG), a 
PDE4 and TNF inhibitor, is undergoing Phase I trials 
for MS [240]. No clinical data are available for either of 
these compounds. 

9. Inflammatory bowel disease 



9 J Introduction to IBD 

Ulcerative colitis (UC) and Crohn's disease (CD), 
collectively known as inflammatory bowel disease 
(IBD), are chronic, spontaneously relapsing disorders 
of unknown cause. These diseases • appear to be 
immunologically mediated and have genetic and 
environmental components. Although the cause of 
the diseases remains obscure, the pathogenesis of 
chronic intestinal inflammation is becoming clearer, 
due to improved animal models and important 
advances in immunological techniques [241,242]. IBD 
is more common in developed countries and is less 
pronounced in the third world. While the incidence of 
UC has remained stable, the incidence of CD has 
increased markedly [2431. IBD typically affects young 
people, but is often bimodal with a second episode 
appearing in later life. Traditional therapy for IBD, 
although helping to induce and maintain disease 
remission, does little to alter the underlying 
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fundamental aspects of the disease. New IBD 
therapies have not developed significantly over the 
past 20 years, and current therapies that include 

5- aminosalicylic acid [244], corticosteroids [2451 and 
immunomodulators such as azathioprine [246], 

6- mercaptopurine [247] and methotrexate [248] suffer 
from a wide range of side effects. Therefore, there is 
still a significant need for new disease modifying 
therapies.TNF-a causes immune cell activation, prolif- 
eration and mediator release in IBD [2491, and it has 
been detected in the stools and intestinal mucosa of 
patients with IBD [250], suggesting that inhibition of 
this pro-inflammatory cytokine should be beneficial 
in these diseases. Indeed, early clinical studies in CD 
with TNF monoclonal antibodies have shown signifi- 
cant promise, further illustrating the benefits of such 
an approach [241,242]. 

92 Role of PDE4 inhibitors in IBD 

Again, very little work has been published on the 
utility of PDE4 inhibitors in IBD. However, it is widely 
documented that selective PDE4 inhibitors have a 
marked effect on the inhibition of TNF-a release from 
peripheral blood mononuclear cells after stimulation 
with a wide range of mediators, both in vitro 
[86,178,179] and in vivo [184].Workers at Almirall have 
taken their most advanced PDE4 inhibitor, arofylline, 
into models of colitis in the rat and have shown 
beneficial effects. In a dextran sulphate induced 
model of colitis in the rat, oral administration of both 
rolipram and LAS31025 showed comparable effects to 
prednisolone. In each case, the compounds amelio- 
rated bleeding and inflammatory markers [251]. The 
same group have also shown that LPS induced 
erythrocyte extravasation in rats and intestinal 
hypoperfusion in dogs can be attenuated with the 
selective PDE4 inhibitors rolipram and denbufylline, 
illustrating that such compounds provide GI protec- 
tion under these circumstances [252,2531. However, as 
yet there have been no reports of the clinical utility of 
such compounds in man. 

10. Other diseases 



Rolipram was initially developed as an antidepres- 
sant, and is still undergoing Phase III clinical trials for 
this indication. However, there have not been reports 
of newer PDE4 inhibitors being evaluated for this 
indication. There is evidence that PDE4 inhibitors will 
have beneficial effects in other CNS disorders, 
including Parkinson's disease [254,255] and learning 



and memory impairment [256-258]. The use of PDE4 
inhibitors to treat tardive dyskinesia [301] and drug 
dependence [302] has been patented. PDE4 is thought 
to play a major role in controlling dopamine biosyn- 
thesis in mesencephalic neurones [2591. 

Several reports suggest a role for PDE4 inhibitors in 
ischaemia-reperfusion injury [260-263]. Acute renal 
failure may also be amenable to treatment by PDE4 
inhibitors [264], and their use for this indication has 
been patented [303]. 

There has been a small number of publications 
suggesting a role for PDE4 inhibitors in the treatment 
of bone disease [265,266] and again this use of PDE4 
inhibitors has been patented [304]. 

A role for PDE4 inhibitors in the treatment of septic 
shock [267,268], acute respiratory distress syndrome 
[268] and allograft rejection [2691 has been proposed. 

There are a variety of other diseases in which PDE4 
inhibitors have been suggested to offer potential 
benefit, including autoimmune diabetes [270], 
immunoinflammatory hepatitis [271], retinal autoim- 
munity [272], chronic lymphocytic leukaemia [2731 
and HIV [274,2751- In addition, patents have appeared 
claiming the use of PDE4 inhibitors in the treatment of 
lupus erythematosus [305], kidney and ureter disease 
[306], urogenital and gastrointestinal disorders [307] 
and prostrate diseases [308,309]. 

11. Expert opinion 

The discovery of PDE4 inhibitors with an enhanced 
therapeutic index has provided substantial improve- 
ment over the archetypal inhibitors such as rolipram. 
This has been established in the main from a greater 
understanding of how the in vitro activity of rolipram 
translates into efficacy and side effect liability, particu- 
larly emesis and CNS effects, in vivo. It is obvious from 
the literature that PDE4 inhibitors exhibit a range of in 
vitro and in vivo anti-inflammatory properties that 
indicate potential in the treatment of a wide range of 
inflammatory conditions. 

To date, the clinical data in most therapeutic areas 
with compounds of this class is inconclusive. 
However, in the respiratory area we are seeing for the 
first time a definite therapeutic benefit and an 
improved therapeutic index over first generation 
compounds. The data with SB207499 in COPD in 
particular illustrates that PDE4 inhibitors have a role to 
play in this disease alongside the existing therapies of 



© Ashley Publications Ltd. All rights reserved. 



Exp. Opin. Invest. Drugs (1999) 8(9) 



Dyke & Montana 1313 



steroids and P-agonists. Some of the less advanced 
compounds in the clinic, such as the Chiroscience 
compound, D4418, also illustrate that further 
improvements in tolerability at increased plasma 
exposures is achievable. If such compounds also 
show the efficacy observed with SB207499, this 
should provide further improvements in therapeutic 
index. If the clinical data generated in the respiratory 
diseases is realised in other inflammatory conditions, 
particularly those, which have no good disease 
modifying treatments currently, such as RA and MS, 
then PDE4 inhibitors could have significant market 
potential. The use of topical applications in diseases 
such as AD and psoriasis also provide significant 
market potential even for those compounds that do 
not have a particularly good therapeutic index, again 
illustrating that PDE4 inhibitors could provide a 
variety of effective therapies across a number of 
disease states. 
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Suppression of TNF-a Expression, Inhibition of Th1 Activity, 
and Amelioration of Collagen-Induced Arthritis by Rolipram 1 

Susan E. Ross, 2 Richard O. Williams, 2 Lesley J. Mason, Claudia Mauri, 

Lilia Marinova-Mutafchieva, Anne-Marie Malfait, Ravinder N. Maini, and Marc Feldmann 3 

Rolipram is a type IV phosphodiesterase inhibitor that suppresses inflammation and TNF-a production. As anti-TNF-a therapy 
is effective in rheumatoid arthritis, we investigated the effect of rolipram on collagen-induced arthritis (CIA), a murine model 
of rheumatoid arthritis. Rolipram was administered after the onset of clinical arthritis at doses of 0.5, 3, 5, or 10 mg/kg twice 
daily, with a dose-dependent therapeutic effect on clinical severity and joint erosion. Immunohistochemical analysis of joints of 
rolipram-treated mice revealed 67% reduction in TNF-a-expressing cells compared with control arthritic mice. In vitro studies 
using bone marrow-derived macrophages confirmed that rolipram directly suppressed TNF-a and IL-12 production following 
stimulation with IFN-y and LPS. The effect of rolipram on T cell activity was studied by measuring Th1/Th2 cytokine production 
by collagen-stimulated draining lymph node cells from arthritic mice treated in vivo with rolipram. Rolipram reduced IFN-y 
production and increased IL-10, indicating that rolipram down-regulated the ongoing Th1 response to type II collagen. Finally, 
the effect on CIA of combination therapy was studied using rolipram plus either anti-TNF-a or anti-CD4 mAbs. Rolipram plus 
anti-TNF-a was not therapeutically additive, whereas rolipram plus anti-CD4 mAb was clearly additive. This result indicates that 
the therapeutic effects of rolipram overlap with TNF-a blockade, but are complementary to anti-CD4 treatment. It is therefore 
proposed that a major mechanism of action of rolipram in CIA is suppression of TNF-a activity. These findings suggest that type 
IV phosphodiesterase inhibitors may be effective in pathologic conditions, such as RA, with overexpression of TNF-a. The 
Journal of Immunology, 1997, 159: 6253-6259. 



Rheumatoid arthritis (RA) 4 is a debilitating disease of un- 
known aetiology involving chronic inflammation in the 
synovia] membranes of the joint, accompanied by ero- 
sion of cartilage and bone. A number of previous reports docu- 
mented the abundant presence of TNF-a- and IL-1 -producing cells 
in the joints of RA patients, thereby providing evidence for the 
involvement of these proinflammatory cytokines in the pathogen- 
esis of the disease (1,2). In additional studies, it was demonstrated 
that neutralization of TNF-a in RA synovial cell cultures led to 
decreased production of other proinflammatory cytokines, includ- 
ing IL- 1 and granulocyte-macrophage CSF, indicating that TNF-a 
plays an important role in promoting inflammation in the joint 
(3-6). Further evidence supporting this concept came from a num- 
ber of studies in collagen-induced arthritis (CIA), an animal model 
of RA, in which administration of TNF-a to mice during the in- 
duction phase of the disease accelerated the onset of arthritis and 
increased its severity (7-9), whereas TNF-a-blockade at this time 
resulted in arthritis of reduced severity (10, 1 1). We were subse- 
quently able to demonstrate that anti-TNF-a mAb treatment re- 
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duced clinical scores, paw swelling, and joint damage, even when 
administered after the onset of clinical arthritis (10). It was sub- 
sequently shown in clinical trials that treatment with a chimeric 
anti-TNF-a mAb (cA2) had a clear ameliorative effect on human 
RA, as judged by highly significant reductions in clinical and lab- 
oratory-based indices of disease severity (12). These findings con- 
firm two important points: first, that anti-TNF-a treatment is 
highly effective in human RA, and second, that the CIA model can 
be reliably used for predicting the likely effects of different TNF- 
a-targeted therapeutic strategies. 

A potential disadvantage of using chimeric or humanized mAbs 
(containing murine epitopes) is that repeated treatment may evoke 
a neutralizing Ab response, which in the course of time may render 
the treatment less effective (13). For this reason, attention has now 
turned to the possible use of synthetic, small molecular weight 
compounds capable of inhibiting the production of TNF-a. For 
example, rolipram, a type IV phosphodiesterase (PDE IV) inhib- 
itor (14-18), has recently been shown to down-regulate the pro- 
duction of TNF-a by lymphocytes and macrophages ( 1 9, 20). In- 
hibition of PDE IV results in increased levels of intracellular 
cAMP, an important second messenger thought to be involved in 
regulating the production not only of TNF-a (21) but also of re- 
active oxygen species (22, 23), nitric oxide (24), and lipid medi- 
ators of inflammation. In addition, raised levels of cAMP are as- 
sociated with reduced cellular proliferation, motility, chemotaxis, 
and migration to sites of inflammation (25). 

The therapeutic potential of PDE IV inhibitors in autoimmune 
conditions has recently been highlighted by studies in experimen- 
tal allergic encephalomyelitis, a model of multiple sclerosis, in 
which significant reductions in the severity of disease were re- 
ported following treatment with rolipram (26, 27). The aim of the 
present study is to investigate the effect of rolipram in established 
CIA, as a model for RA. Our findings indicate that rolipram has a 
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highly significant ameliorative effect on arthritis. In addition, we 
demonstrate that combination therapy with rolipram plus anti-CD4 
mAb gives even greater protection from arthritis, in a manner com- 
parable with the previously reported therapeutic effect of combined 
anti-TNF-a/anti-CD4 treatment (28). Finally, we are able to report 
that the ameliorative effect of rolipram in this model is associated 
with profound changes in cytokine production, including reduc- 
tions in the expression of TNF-a, IL-12, and IFN-7 and a corre- 
sponding increase in the expression of IL-10. 

Materials and Methods 

Induction and assessment of arthritis 

Type II collagen was extracted from bovine articular cartilage as described 
(29). Male DBA/ 1 mice (8-10 wk of age) were immunized intradermally 
at the base of the tail with type II collagen (200 /ig) emulsified in CFA 
(Difco, Detroit, MI). Clinical arthritis started to appear from day 14 after 
immunization, with a mean day of onset of 25 days. Drug/mAb treatment 
was started on the first day of clinical arthritis and was continued for 10 
days. Assessment of arthritis over this 10-day period included monitoring 
of clinical scores using a clinical scoring system as follows: 0 = normal; 
1 = slight swelling and/or erythema; 2 = pronounced edematous swelling. 
Each limb was graded in this way, giving a maximum possible score of 8 
per mouse. 

On day 10 of arthritis, mice were killed and the first paw to show 
clinical arthritis was decalcified, sectioned, and stained with hematoxylin 
and eosin. To determine whether a particular treatment had a protective 
effect on joint erosion, the proximal interphalangeal (PIP) joint of the mid- 
dle digit was studied for the presence or absence of erosions, as defined 
previously (28). Erosions are detected in this joint in approximately 90 to 
100% of untreated arthritic mice on day 10 of arthritis, and a significant 
reduction in this figure following treatment can be regarded as a beneficial 
therapeutic effect. 

Serum levels of anti-collagen IgG on day 10 of arthritis were deter- 
mined by direct ELISA, as described previously (10). 

Therapeutic agents 

Rolipram, Rolipram, 4-(3-cyclopentyloxy-4-methoxy phenyl)- 2-pyrroli- 
done), was kindly provided by Schering AG (Berlin, Germany). Rolipram 
was dissolved in PBS containing cremophor (Sigma Chemical Co., Poole, 
U.K.) at a concentration of 10% (w/v). Rolipram was administered by i.p. 
injection at doses of 10, 5, 3, or 0.5 mg/kg body weight, twice daily. 
Control mice were given cremophor alone. 

Anti-TNF-a mAb. TN3-19.12, a neutralizing hamster IgGl mAb, was a 
gift from Dr. R. Schreiber in conjunction with Celltech, Slough, U.K. TN3- 
19.12 was administered by i.p. injection at a dose of 300 jig/mouse, once 
every third day. This dosing regimen had earlier been shown to be effective 
in reducing the severity of CIA ( 10). 

Anti-CD4 mAb. Anti-CD4 consisted of a mixture (1:1) of two cell-de- 
pleting rat IgG2a mAbs, YTS 191.1.2 and YTA 3.1.2 (30-32). YTS 
191.1.2 cells were obtained from the European Collection of Animal Cell 
Cultures (Salisbury, U.K.), and YTA 3.1.2 cells were kindly provided by 
Dr. Herman Waldmann (then at the University of Cambridge, U.K.). Both 
mAbs were prepared from ascites by protein G chromatography and in- 
jected by i.p. injection at a dose of 50 ^g/mouse every third day. 

TNF-a expression in situ 

Arthritic mice were treated with rolipram (5 mg/kg twice daily) or vehicle 
alone for a period of 6 days, starting on the day of onset of clinical arthritis. 
Immunohistochemical analysis of TNF-a expression in frozen sections of 
joints from treated mice was carried out as previously described (33). TNF- 
a-positive cells were detected in the metatarsal joint (including intimal and 
subintimal layers) using a rat mAb (MP6-XT22; American Type Culture 
Collection (ATCC), Rockville, MD; courtesy of Dr. J. Abrams) and the 
ABC peroxidase system (Elite Kit, Vector, Peterborough, U.K.). Sections 
were developed with DAB (3,3'-diaminobenzidene) and counter- stained 
with Mayer's hematoxylin. The total number of cells in the joint was de- 
termined by counting the nuclei. 

Th 1/Th2 cytokine production in vitro 

Arthritic mice were treated with rolipram (5 mg/kg, twice daily) or vehicle 
alone for 2 days, starting on the day of onset of arthritis. The mice were 
then killed, and their inguinal lymph nodes were removed and teased apart 
to make a single-cell suspension. The production of IFN-y (Thl cytokine) 
and IL-10 (Th2 cytokine) by lymph node cells (LNC) in response to stim- 



ulation with type II collagen (50 /Ag/ml) was assessed using a protocol 
previously described in detail (34). Briefly, LNC were cultured in 96 well 
plates in RPMI 1640, containing 10% FCS for 72 h. Culture supernatants 
were assayed for IFN-v and IL-10 production by ELISA using the follow- 
ing mAbs: IL-10, 2A5 (capture), and SXC-I (detect); IFN-7, R4-6A2 (cap- 
ture), and XG1.2 (detect). These Abs were obtained from the ATCC, cour- 
tesy of Dr. J. Abrams at DNAX (Palo Alto, CA). 

Effect of rolipram on macrophage function in vitro 

Bone marrow macrophages were derived from normal DBA/ 1 mice and 
cultured for 6 days with DMEM containing FCS (20%), 2-ME (50 u,M), 
penicillin/streptomycin, and L cell (L-929) fibroblast-conditioned medium 
(15%). The differentiated cells were then rested for 2 days in fresh medium 
without conditioned medium. The cells were then primed with IFN-7 (100 
U/ml) in the presence or absence of rolipram (dissolved in DMEM) and 
stimulated with 100 ng/ml of LPS B from Escherichia coli 055:B5 (Difco). 
Cells were incubated for 24 h, and supernatants were assayed by ELISA for 
the presence of TNF-a using XT3 (capture mAb; ATCC) and polyclonal 
rabbit anti-TNF-a (detect mAb; a gift from Dr. W. Buurman) and IL-12 
p75 using gA5/5C3 (capture/detect mAbs, gifts from Dr. M. Gately, Hoff- 
mann-La Roche, Nutley, NJ). Nitric oxide production was estimated from 
the concentration of nitrite in the culture supernatant using the Greiss re- 
action (35). The MTT assay was used to determine cell viability (36). 

Results 

Effect of rolipram on established CIA 

To determine the effect of rolipram on the clinical course of CIA, 
the drug was administered in a range of concentrations (0.5,-3, 5, 
and 10 mg/kg) twice daily, starting on the day of onset of clinical 
arthritis. Treatment was continued for 10 days, and mice were 
monitored on a daily basis over this period. The results demon- 
strated a dose-dependent effect of rolipram on the clinical severity 
of arthritis, although with significant reductions compared with 
controls at all doses tested (Fig. 1). Little difference was observed 
between the 5 and 10 mg/kg doses; therefore, all further experi- 
ments were carried out at the 5 mg/kg dose. In terms of clinical 
disease, the therapeutic effect of rolipram was comparable with or 
greater than anti-TNF-a mAb. 

At the end of the 10-day treatment period, mice were killed and 
PIP joints were analyzed for the presence of erosions (Fig. 2). 
Compared with control arthritic mice, there was a reduction of 
21% in the proportion of joints showing erosions of cartilage 
and/or bone in the group of mice given rolipram at 5 mg/kg and a 
reduction of 49% in the mice given rolipram at 10 mg/kg (Table I). 
Erosions were reduced by 27% in the mice given anti-TNF-a mAb 
(p < 0.02), indicating that the protective effect of TNF-a blockade 
was comparable with rolipram at doses of 3 mg/kg or higher. 

Mechanisms of action: rolipram inhibits the expression of 
TNF-a and IL-12 

To confirm that treatment with rolipram leads to reduced expres- 
sion of TNF-a at the site of disease activity, an immunohistochem- 
ical study was carried out to compare the number of TNF-a pos- 
itive cells in the joints of rolipram treated versus control mice. 
Rolipram was administered at 5 mg/kg for 5 days, starting on day 
1 of arthritis. Arthritic paws were snap frozen, cryosectioned, and 
analyzed for TNF-a expression on day 6 of arthritis. Day 6 was 
chosen for this study because we had earlier documented the pres- 
ence of abundant TNF-a-positive cells in the joints of untreated 
mice with CIA at this time (33). In this study, it was found that the 
majority of TNF-a-expressing cells were macrophage-like in ap- 
pearance, as reported previously (33). There was a reduction of 
67% in the total number of cells expressing TNF-a in the joints of 
mice treated with rolipram compared with controls (Table II). In 
addition, the proportion of cells in the inflamed synovia that 
stained positively for TNF-a was reduced by 64% in the rolipram- 
treated mice, indicating that the reduction of TNF-a-positive cells 
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FIGURE 1. Therapeutic effect of rolipram in 
established CIA. Mice were treated with roli- 
pram twice daily at 0.5 mg/kg (/) = 10), 3 
mg/kg (n = 1 6), 5 mg/kg {n = 1 6), or 1 0 mg/kg 
{n - 6), starting on day 1 of arthritis. Another 
group was given anti-TNF-o mAh (300 /u.g) on 
clays 1, 4, and 7 (n = 16). Controls received 
vehicle alone [n = 16). An asterisk represents 
a significant difference [p < 0.05) between 
control and treated mice. Croups were com- 
pared using the Mann-Whitney U test. 




time, days 




FIGURE 2. Saggital sections of PIP joints 
from mice on day 10 of arthritis. A, Control 
mouse showing pronounced inflammatory 
changes accompanied by marginal erosion and 
disruption of the articular cartilage (I, inflam- 
mation; M, marginal zone). 8. Mouse treated 
with rolipram (5 mg/kg, twice daily) showing 
little evidence of inflammation and no destruc- 
tive changes (C, cartilage; S, synovium). Stained 
with hematoxylin and eosin. 



could be attributed, for the most part, to a reduction in TNF-a 
expression by cells in the joint rather than by reduced ceilularity of 
the joint. 

PD£ IV inhibitors such as rolipram are known to exert a range 
of inhibitory effects on multiple cell types, including macrophages 
and lymphocytes. The reduction in TNF-a expression observed in 



our experiments could therefore have arisen from a direct inhibi- 
tion of macrophage function and/or a change in the nature of the T 
cell response to type 11 collagen. To address the question of 
whether rolipram could directly inhibit the production of TNF-a 
by macrophages, bone marrow-derived macrophages were primed 
in vitro with IFN-y in the presence or absence of rolipram, then 
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Table I. Prevention of joint erosion by rolipram 3 



Treatment 



PIP Joints with Erosions (day 10) 



Controls 

Rolipram, 0.5 mg/kg 
Rolipram, 3 mg/kg 
Rolipram, 5 mg/kg 
Rolipram, 10 mg/kg 
Anti-TNF-q mAb (300 jxg) 



25/28 (89%) 
7/9 (78%), NS 
8/13 (61%), p< 0.05 
1 7/25 (68%), p = 0.05 
2/5 (40%), p < 0.01 
1 8/29 (62%), p< 0.02 



* Arthritic mice were treated for 10 days, and paws were processed for he- 
matoxylin and eosin staining followed by histologic analysis of joint erosion, p 
values were obtained using the x* test or the Fisher's exact test, where appro- 
priate. 



Table II. Immunohistochemical analysis of TNF-a expression in 
frozen sections of joints of rolipram-treated mice'* 







TNF-a-Positive Cells 








per Metatarsal joint 


Ratio of TNF-a-Positive 


Treatment 




(mean ± SE) 


Cells:Total Cells 


Controls (n = 


7) 


55 (± 6) 


1:20 


Rolipram (n = 


7) 


18 (± 4)p< 0.05 


1:55 



* Treatment with rolipram (5 mg/kg, twice daily) leads to a reduction in the 
number of TNF-a-positive cells in the metatarsal joint. Treatment was started on 
day 1 of arthritis and continued until day 6. TNF-a expression was determined 
using anti-TNF-a mAb (XT22) and an avidin/biotin detection system. 



costiraulated 24 h later with LPS. Supernatants were then assayed 
for TNF-a, IL-12, and nitric oxide. The results clearly showed that 
rolipram directly inhibits the secretion of TNF-a and IL-12 at 
doses that do not adversely affect cell viability (Fig. 3). Thus, the 
presence of rolipram at a concentration of 1 mM caused a 20-fold 
reduction in the production of TNF-a and an 8-fold reduction in 
the production of IL-12. IL-10 was not detected in culture super- 
natants of control or rolipram-treated macrophages, but this is 
probably due to the fact that the cells were costimulated with 
IFN-y, a potent inhibitor of IL-10 expression (37). Nitric oxide 
production was not affected at the doses tested. 

Rolipram down-regulates Th 1 activity 

The finding that rolipram inhibits the production of EL- 1 2 by mac- 
rophages raises the possibility that in vivo administration of the 
drug would lead to down-regulation of the Thl response to type II 
collagen in CIA. To test this hypothesis, mice with CIA were 
treated with. rolipram (5 mg/kg, twice daily) from day 1 to day 3 
of arthritis. On day 3, the mice were killed and the production of 
IFN-y (Thl cytokine) and IL-10 (Th2 cytokine) by cultured LNC 
was assessed using an established protocol (34). The results 
showed that IFN- y production by type II collagen-stimulated LNC 
from rolipram-treated mice was decreased 8-fold relative to con- 
trol arthritic mice, whereas the production of IL-10 was increased 
11 -fold (Fig. 4). It was concluded that treatment with rolipram 
leads to a down-regulation of Th 1 activity and a corresponding 
up-regulation of the Th2 cytokine, IL-10. Of interest was the ob- 
servation that collagen stimulation of LNC from both control and 
rolipram-treated mice caused a dramatic increase in IFN-y pro- 
duction, which could be blocked by anti-CD4 mAb. In contrast, 
IL-10 production was not increased by coculture with collagen or 
blocked by anti-CD4 mAb, indicating that the production of 
IFN-y, but not IL-10, was dependent on Ag-specific CD4* T cells. 

Despite the clear shift from a Thl to a Th2 cytokine response 
following treatment with rolipram, no differences were observed 
between treated and control mice with respect to the levels of type 
II collagen-specific IgG L lgG2a, or total IgG on day 10 of arthritis 
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FIGURE 3. Dose-dependent suppression of macrophage-derived 
TNF-a and IL-12, but not nitric oxide, by rolipram. Bone marrow- 
derived macrophages were primed with IFN-y, then stimulated with 
LPS. Rolipram was added with the IFN-y. TNF-a and IL-12 levels were 
measured by EL ISA, and nitric oxide production was estimated from 
the levels of nitrite (measured by the Creiss reaction). Cell viability was 
determined using the MTT assay. The results shown are the means (± 
SEM) of three separate cultures. 



(data not shown). However, given the relatively long half-life of 
IgG Abs, it is unlikely that any significant qualitative or quantita- 
tive changes in the anti-collagen IgG response would be detected 
over this brief 10-day treatment period. 

Combination therapy 

Thus far we had demonstrated that rolipram has inhibitory effects 
on TNF-a production and Thl activity, although it was not pos- 
sible from the above studies to determine which of these two 



The journal of Immunology 



6257 



I cells alone 




controls rolipram 



FIGURE 4. IFN-y and 1L-10 production by draining LNC from roli- 
pram-treated and control arthritic mice. Cells were cultured for 72 h in 
medium alone, with type II collagen, or with type II collagen plus 
anti-CD4 mAb. Rolipram (5 mg/kg, twice daily) was administered from 
day 1 to day 3 of arthritis (n = 5). Controls received vehicle alone {n = 
7). Cultures were carried out in triplicate. 



mechanisms, if either, was the more important in terms of ame- 
liorating arthritis. Previously we had demonstrated a synergistic 
therapeutic effect between anti-TNF-a mAb and anti-CD4 mAb 
(28). Wc now tested the effect of rolipram in combination with 
either anti-TNF-a mAb or anti-CD4 mAb to establish whether the 
therapeutic effects of rolipram were complimentary to, or overlap- 
ping with, either of these two reagents. 

In combination with anti-TNF-a mAb, rolipram had a slightly 
greater effect than either anti-TNF-a alone or rolipram alone, but 
the differences were not significant. It was concluded that this form 
of combination therapy did not provide an additive effect (Fig. 5A). 
An additive effect, for the purposes of this study, was defined as a 
significant decrease in disease severity in the combined treatment 
group versus either of the two treatments alone. 

Combined treatment with rolipram and anti-CD4 mAb caused 
almost complete cessation of ongoing disease, with significantly 
reduced severity of disease relative to rolipram alone or anti-CD4 
alone (Fig. 5B). We interpreted this finding as evidence of an ad- 
ditive effect between rolipram and anti-CD4, suggesting that the 
benefits derived from the two reagents were generated by different 
pathways. In contrast, the lack of additive effect between rolipram 
and anti-TNF-a suggests overlapping mechanisms of action. It was 
concluded from this part of the study that one of the major mech- 
anisms of action of rolipram in CIA is via suppression of TNF-a 
activity. However, the fact that rolipram was more effective than 
anti-TNF-a mAb suggests that its inhibitory effect on Thl activity 
represents an important additional factor in the amelioration of 
arthritis. 

Discussion 

From earlier studies, it was hypothesized that PDE IV inhibitors 
possess potent anti-inflammatory properties, based on their ability 
to down-regulate the activity of a number of leucocyte populations, 




time.days 

FIGURE 5. Combination therapy. Treatment of mice with rolipram 
(5 mg^kg, twice daily) plus anti-TNF-a mAb (300 fig/mouse, every 3 
days; A) or anti-CD4 mAb (50 /ig/mouse, every three days; fi). There 
were 1 2 mice per treatment group. Significant differences between the 
combined treatment groups and the single treatment groups are de- 
noted by an asterisk. 



including macrophages and lymphocytes (19, 25). The aim of this 
study was to assess the efficacy in vivo of rolipram, a selective 
PDE IV inhibitor, in murine CIA, as a model for human RA. In an 
initial experiment, it was found that rolipram, administered after 
the onset of visible arthritis, had a dose-dependent therapeutic ef- 
fect both in terms of ameliorating clinical disease and in prevent- 
ing erosion of cartilage and bone. The efficacy of rolipram was 
comparable with, or greater than, that of anti-TNF-a Ab treatment. 

Having demonstrated that rolipram has a beneficial therapeutic 
effect in CIA, we then set out to analyze the mechanisms involved 
in the amelioration of disease. Immunohistochemical analysis of 
the joints of arthritic mice demonstrated that rolipram suppresses 
TNF-a expression, as judged by the reduction in the proportion of 
TNF-a-positive cells detected in rolipram-treated mice. However, 
from this study it was not possible to confirm that rolipram is 
capable of directly suppressing TNF-a production by macrophages 
or whether the inhibitory effect observed in situ is an indirect con- 
sequence of, for example, a reduced level of T cell activity. To 
address this question, mature homogenous populations of cultured 
bone marrow-derived macrophages were stimulated with IFTC-y/ 
LPS and treated concurrently with rolipram. The results confirmed 
that rolipram, as postulated (20), does indeed directly suppress 
TNF-a production by macrophages. An additional finding that we 
regard as highly significant was the ability of rolipram to suppress 
the production of 1L-12, a cytokine that is postulated to play a 
pivotal role in stimulating the expression of IFN-7 and influencing 
the differentiation of T cells toward a Thl phenotype. The inhib- 
itory effects of rolipram on cytokine expression were selective, as 
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nitric oxide production was unaffected at the doses tested. It is also 
worth pointing out that rolipram did not affect cell viability even 
up to a concentration of 1 M (data not shown). 

In view of the ability of rolipram to inhibit the production of 
IL-12 in vitro, we addressed the question of whether in vivo ad- 
ministration of the drug would result in a blunting of the Thl 
response to type II collagen. Previous findings by our group had 
established that early CIA was associated with a potent Thl re- 
sponse, with high levels of IFN-7 production and negligible pro- 
duction of IL-4 and IL-10 (34). We therefore determined the effect 
of in vivo administration of rolipram on Thl/Th2 cytokine pro- 
duction by cultured LNC from mice with arthritis. It was demon- 
strated that IFN-y production in rolipram-treated mice was dra- 
matically reduced, while the production of IL-10 was 
correspondingly increased. This finding was particularly striking in 
view of the short treatment period (2 days) and also because of the 
fact that treatment was not started until after the onset of arthritis. 
Rolipram was therefore effective in deviating an established im- 
mune response that was already fully committed toward the Thl 
end of the spectrum. This finding strongly supports the concept 
that PDE IV inhibitors may be effective in human autoimmune 
diseases (e.g., RA) in which Thl responses are thought to predom- 
inate. Conversely, a cautious approach should be taken with regard 
to the potential use of PDE IV inhibitors in diseases in which Th2 
responses play significant roles (e.g.> asthma). In fact, PDE IV 
inhibitors have already been used in clinical trials for asthma, so 
far without clear success. 

Earlier studies by our group had established a synergistic ther- 
apeutic effect between anti-CD4 and anti-TNF mAb (28). Given 
the dual role of rolipram in suppressing TNF-a production and 
down- regulating Thl activity, we tested the effect of rolipram 
combined with either anti-TNF-a or anti-CD4. The reasons for 
carrying out this study were (1) to provide clues as to the principal 
mechanism of action of rolipram in CIA and (2) to identify a form 
of combination therapy that may be applicable to human RA. The 
results showed that combined treatment with rolipram plus anti- 
TNF-a mAb did not have a significant additive effect. In contrast, 
rolipram plus anti-CD4 mAb showed a clear additive effect. This 
would suggest that the effects of rolipram overlap with those of 
anti-TNF-a but not with anti-CD4. From these findings, we could 
infer that one of the major mechanisms of action of rolipram in 
CIA is the suppression of TNF-a activity. However, there was a 
trend toward greater efficacy of rolipram compared with anti- 
TNF-a mAb, which, although not statistically significant, suggests 
that rolipram has pleiotropic effects. Indeed, we have provided 
evidence that rolipram affects the activation status of T cells (Fig. 
4). Alternatively, we have found that there is a marked additive 
effect between anti-TNF-a mAb and anti-IL-12 mAb 5 and rolip- 
ram, by virtue of its ability to inhibit both TNF-a and IL-12 pro- 
duction (Fig. 3), appears to be mimicking this synergy. 

The profound amelioration of arthritis observed in mice treated 
with a combination of rolipram and anti-CD4 mAb has potential 
implications for human therapy as anti-CD4 treatment alone has 
been shown, in placebo-controlled trials at least, to be ineffective 
in RA (38). If the results of this study are valid for human disease, 
then treatment of RA patients with anti-CD4 mAb together with a 
PDE IV inhibitor would be highly effective. 

In conclusion, we have demonstrated that rolipram is capable of 
ameliorating CIA, and that PDE IV inhibitors may be useful drugs 
in the future therapy of RA provided that their side effects (such as 



5 D. M. Butler, A. M. Malfait, R. N. Maini, F. M. Brennan and M. Feldmann. 
Anti-IL-12 and anti-TNF blockade synergistically suppresses the progression of 
murine collagen induced arthritis. Submitted for publication. 



emesis) can be managed. Increasingly selective PDE IV inhibitors 
have been or are being developed, making them potential thera- 
peutic agents for RA. 

Note added in proof. Since submission of this manuscript, similar 
findings have been reported in the rat model of collagen-induced 
arthritis. (Nyman, U., A., Mussener, E. Larsson, and J. Lorentzen. 
1997. Amelioration of collagen IL-induced arthritis in rats by the 
type IV phosphodiesterase inhibitor Rolipram. 1997 Clin. Exp. Im- 
munol. 108:415.) 
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Inhibition of phosphodiesterase (PDE) activity is ben- 
eficial in models of arthritis and airway inflamma- 
tion. Here we assessed the ability of PDE inhibitors to 
modulate colitis by exposing mice to 4% (w/v) dex- 
tran sulfate sodium (DSS) drinking water for 5 days 
with or without rolipram, an inhibitor of PDE type 4, 
or the nonselective PDE inhibitor, pentoxifylline 
(both at 5 mg/kg, i.p., twice daily). Controls received 
saline, vehicle, or drug only. Colonic histology, my- 
eloperoxidase (MPO) and tumor necrosis factor-a 
(TNF-a) levels , and epithelial ion transport (baseline 
and stimulated by electrical nerve stimulation, carba- 
chol, and forskolin) were examined. DSS-treated mice 
displayed a variable diarrhea, significant histopathol- 
ogy in the mid-distal colon, elevated MPO activity, 
and reduced (>50%) responses to all three pro-secre- 
tory stimuli. Treatment with rolipram, and to a lesser 
extent pentoxifylline, significantly reduced the sever- 
ity of the colonic histopathology and MPO levels. Nei- 
ther PDE inhibitor had any affect on the diminished 
ion transport events caused by DSS-induced colitis. 
However, although stimulated ion transport events 
were still reduced 3 days after DSS treatment, colonic 
segments from DSS + rolipram-treated mice dis- 
played enhanced recovery in their secretory respon- 
siveness, particularly to carbachol. These findings in- 
dicate that specific PDE4 inhibition can significantly 
reduce the tissue damage that accompanies colitis and 
enhance recovery of normal colonic function. (Am J 
Pathol 2000, 156:2169-21 77) 

Generally elevations in cyclic adenosine monophosphate 
(cAMP) levels in immune cells have been found to be 
immunosuppressive. 1 For instance, increased macro- 
phage cAMP has been associated with a reduced ca- 
pacity to produce TNF-a on stimulation with bacterial 
endotoxin 2 cAMP is hydrolyzed to the inactive 5'AMP 



form by members of a superfamily of enzymes, the phos- 
phodiesterases (PDE), of which type 4 (PDE4) is the 
predominant form in immune cells. 1,3,4 Thus, inhibition of 
PDE activity that would result in maintained elevation of 
cAMP levels in immune cells presents itself as a potential 
anti-inflammatory or immunosuppressive strategy. 5,6 

In fact, numerous in vitro studies have documented that 
nonselective PDE, or specific PDE4 inhibitors, down-reg- 
ulate the activity of most types of immune cells, including 
T-cells, macrophages, neutrophils, and mast cells. 1,3 
Similarly, PDE inhibitors have been found to be beneficial 
in animal models of airway or joint inflammation. 7,8 In the 
latter scenario, it was suggested that the amelioration of 
collagen-induced arthritis in mice by the PDE4 inhibitor, 
rolipram (ROL), was because of suppression of TNF-a 
production. In this context, it is noteworthy that neutraliz- 
ing TNF-a antibodies are an effective short-term treat- 
ment for a cohort of steroid-resistant patients with Crohn's 
disease. 9 However, the ability of inhibitors of PDE activity 
to alleviate either the functional abnormalities or histopa- 
thology associated with enteric inflammation has not 
been extensively examined. 

Oral administration of dextran sulfate sodium (DSS) to 
rodents results in overt inflammation in the mid-distal 
colon that is somewhat reminiscent of human inflamma- 
tory bowel disease. Exposure to DSS leads to a time- and 
dose-dependent drop in body weight, a variable watery/ 
bloody diarrhea, and can result in rectal prolapse and 
fatality. 10,11 A number of approaches have been used to 
reduce the severity of DSS-induced histopathology in the 
colon, such as treatment with ICAM-1 anti-sense oligo- 
nucleotides, 12 recombinant IL-10, 13 inhibition of 5-!ipoxy- 
genase or neutrophil activity, 14,15 and neutralization of 
TNF-a. 16 However, considerably fewer studies have ex- 
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Table 1. Macroscopic Assessment of Animals 

Control 4% DSS (5 days) DSS + ROL DSS + PTX 



Clinical signs (% of mice) 

Wet peri-anal area/f I uid-filled lumen 0 56 50 16 

Semi-solid fecal pellet 0 39 100 81 

Hyperemic colon/occult blood/bloody diarrhea 0 73 50 97 

Colon length (mm) 87 ± 2 67 ± 2* 77 ± 3 f 78 ± 3 + 

Change in body weight (g/5 days) 0.26 ±0.12 -1.16 ± 0.36* -2.75 ± 7 f -1.02 ± 0.31* 



Mean ± SEM; n = 9 to 20 mice per group. 

*, P < 0.05 compared to control and + , P < 0.05 compared to control and DSS only; drugs were administered intraperitoneal^ twice a day at 
5 mg/kg. 



amined changes in colonic physiology as a consequence 
of exposure to DSS. 

The present study was designed to compare the ca- 
pacities of the nonselective PDE inhibitor, pentoxifylline 
(PTX), and the PDE4 inhibitor, ROL, to affect gut inflam- 
mation as judged by both structure and epithelial ion 
transport in the DSS model of murine colitis. The data 
show that concomitant twice-daily treatment with ROL, 
and to a lesser extent PTX, significantly reduced the 
severity of the colonic histopathology induced by a 5-day 
course of DSS drinking water. However, the disrupted 
epithelial ion transport apparent at the end of the DSS- 
treatment period was not affected by either inhibitor of 
PDE activity. 



Materials and Methods 

Animals and Experimental Treatment 

Male BALB/c mice (6 to 8 weeks old) were purchased 
from Harlan Animal Suppliers (Indianapolis, IN) and were 
housed under conventional conditions with free access to 
animal chow and water. For the induction of colitis, nor- 
mal drinking water was replaced with a 4% (w/v) solution 
of DSS (molecular weight, 40 kd; ICN Biomedicals Inc., 
Aurora, OH) for 5 days. 17 PTX or ROL (both from Sigma 
Chemical Co., St. Louis, MO) were administered twice 
daily, intraperitoneally (i.p.) at a dose of 5 mg/kg body 
weight in 200 ^\ of phosphate-buffered saline (PBS) be- 
ginning on the day of DSS exposure. 7,8,18,19 Pilot studies 
examined the effect of a single daily injection of ROL at 
the same dose. Time-matched controls consisted of 
naive mice, mice administered DSS, ROL, or PTX only, 
and those injected with ethanol (10 /xJ in 190 fx\ of PBS) 
only, the vehicle for ROL. All experiments were approved 
by the Animal Care Committee at McMaster University. 

Macroscopic Assessment 

Animals were weighed and their behavior observed daily. 
On day 5, water intake was recorded (expressed as 
ml/day/mouse), mice were sacrificed by cervical disloca- 
tion, and the entire colon (from ileocecal junction to the 
anus) was excised. Colon length was measured and 
observations regarding ulceration, vascularization, and 
stool consistency were recorded (Table 1). Previous 
studies have shown colonic shortening during colitis, 10 
and so the colon was divided based on total length: the 



mid-distal portion (ie, 30 to 60% region) was used for 
eiectrophysiology studies; the adjacent distal 10% was 
fixed for histological examination; and the remainder of 
the tissue was snap-frozen in liquid N 2 before processing 
for myeloperoxidase (MPO) activity or TNF-a levels. 

Histology 

Tissue was fixed in 10% neutral buffered formalin, dehy- 
drated, and wax-embedded. Five-pim sections were col- 
lected on coded slides, stained with hematoxylin and 
eosin, and scored in a blinded fashion by two investiga- 
tors. Histological damage was scored using the criteria of 
Appieyard and Wallace 20 which considers loss of muco- 
sal architecture, cellular infiltration, muscle thickening, 
crypt abscess formation, and goblet cell depletion (max- 
imum score = 11). 

MPO Activity 

MPO activity was determined following a published pro- 
tocol 21 Briefly, tissue samples were weighed and sus- 
pended in 50 mmol/L potassium phosphate buffer (pH 
6.0) containing 5 mg/ml hexadecyltrimethylammonium 
bromide (Sigma Chemical Co.) at a ratio of 50 mg tissue 
to 1 ml of buffer. Tissues were homogenized by a polytron 
tissue homogentzer for 15 seconds, and 1 ml was de- 
canted into sterile Eppendorf tubes and centrifuged at 
12,000 rpm for 15 minutes. Using a microtiter plate scan- 
ner, 200 jml of the reaction mixture (containing 16.7 mg of 
o-dianisidine (Sigma Chemical Co.), 90 ml of distilled 
H 2 0, 10 ml of potassium-phosphate buffer, and 50 /ml of 
1% H 2 0 2 ) was added to each well containing 7 /xl of 
sample in a standard 96-well plate and three absorbance 
readings at 30-second intervals at 450 nm were re- 
corded. MPO activity was measured in units/mg tissue, 
where one unit of MPO was defined as the amount 
needed to degrade 1 ^mol of H 2 0 2 per minute at room 
temperature. 

Functional Studies 

Epithelial ion transport was examined in colonic seg- 
ments (approximately mid-distal colon) mounted in 
Ussing chambers. 22 Tissues (surface area = 0.6 cm 2 ) 
were bathed in 10 ml of warm (37°C), oxygenated Krebs 
buffer (pH 7.35 ± 0.02). The spontaneous potential dif- 



Colitis and Phosphodiesterase Inhibition 2171 

AJP June 2000, Vol. 156, No. 6 



ference was maintained at 0 mV by an automated voltage 
clamp (WPI, Mississauga, Ontario, Canada), and the 
short-circuit current (Isc in /xA/cm 2 ) was continuously 
measured as an indicator of net active ion transport. At 
15-minute intervals, tissue conductance (G; indicates 
barrier to. passive ion flow) was calculated from Isc and 
potential difference values. 

Stimulated ion transport events were sequentially 
evoked by: 1) electrical transmural stimulation (10 Hz, 10 
mA, 0.5 ms for a total time of 5 seconds); 2) addition of 
the cholinergic agonist, carbachol (10~ 4 mol/L; Sigma 
Chemical Co.) to the serosal buffer; and 3) addition of the 
adenylate cyclase-activating agent, forskolin (10~ 5 
mol/L; Sigma Chemical Co.) to the serosal buffer. 23 In all 
instances, the effect of the treatment was recorded as the 
maximum change in Isc (ie, Alsc) to occur within 5 minutes. 

Cytokine Production 

At the end of the DSS-treatment period, blood was col- 
lected for determination of serum TNF-a levels by en- 
zyme-linked immunosorbent assay using paired antibod- 
ies .from PharMingen Inc. (detection limit 32 pg/ml; 
Mississauga, Canada). Portions of terminal colon were 
homogenized in PBS containing 2 mmol/L of phenyl- 
methyl sulfonyl fluoride (Sigma Chemical Co.) and tissue 
levels of TNF-a were measured. All cytokine determina- 
tions were performed in duplicate serial dilutions. 

In Vitro Analysis ofDSS Epithelial Toxicity 

The murine IEC-4.1 epithelial cell line was seeded in 
12-well sterile plates (10 6 cells/well) and grown for 24 
hours under standard culture conditions 24 and then ex- 
posed to 1% or 2% DSS ± ROL (10~ 6 mol/L). Twenty 
hours later the enterocytes were retrieved by addition of 
trypsin/ethylenediaminetetraacetic acid and cell viability 
determined using the trypan blue (0.04% w/v) dye exclu- 
sion technique. In another set of experiments, entero- 
cytes were seeded into 96-well plates (3.5 x 10 4 cells/ 
well) and 24 hours later were exposed to 1% or 2% 
DSS ± ROL for 20 hours. Subsequently each well was 
pulsed with 50 /u-g of MTT (3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyl tetrazolium bromide; Sigma Chemical Co.) 
for 5.5 hours followed by the addition of 50 /J of 10% (v/v) 
Triton-X 100/0.5 mol/L HCI and a 24-hour incubation in 
the dark. Optical density was measured at 540 nm 25 

Recovery Experiments 

In a final series of experiments, mice were exposed to 4% 
DSS for 5 days with or without daily ROL (5 mg/kg, twice 
daily). Subsequently, the animals received normal drink- 
ing water for 3 days (ROL was not administered during 
this period), and were then autopsied and the colonic 
form and function were assessed. 

Analysis and Data Presentation 

All data are expressed as means ± SEM (SEM), where n 
refers to the number of mice in each experiment. Data 




DSS ROL DSS + DSS + PTX DSS + 
ROL (x1) ROL (bid) PTX (bid) 



Figure 1. Bar chart showing average daily DSS water intake as a percentage 
of normal water intake in time-matched control mice. DSS, 4% (w/v) for 5 
days; ROL, given i.p. at 5 mg/kg (ie, 100 /xg/mouse) once or twice daily 
(twice daily); PTX, given i.p. at 5 mg/kg (ie, 100 /ig/mouse) twice daily. 
Mean values of 3 to 5 separate experiments with 3 to 4 mice per group in 
each experiment; means ± SEM; *, P < 0.05 compared to control. 

were compared using one-way analysis of variance 
(WINKS software by Texsoft, Cedarhill, TX) and P < 0.05 
was accepted as the level of statistically significant dif- 
ference compared to time-matched controls. 



Results 

Colons from mice treated with PBS, ethanol, ROL, or PTX 
only (n = 3 per group) were not significantly different for 
any parameter examined, and so PBS-injected mice were 
subsequently used as time-matched controls throughout 
the study. Mice treated with ROL, independent of DSS 
exposure, displayed a hind-end paralysis within 5 min- 
utes of injection that lasted 10 to 20 minutes and there- 
after the mice had normal ambulatory behavior. This pa- 
ralysis is consistent with effects on neuronal PDEs. This 
effect was not observed in ethanol- or PTX-treated mice. 
Addition of DSS (4% w/v) to the water did not significantly 
alter animal daily water intake. In five separate experi- 
ments mice treated with ROL, once or twice daily, con- 
sumed less DSS/water (range, 4 to 28% reduction) than 
controls, although PTX therapy did not affect daily water 
intake (Figure 1). However, the beneficial effect of ROL 
(twice daily) described below is unlikely to be because of 
the reduced DSS intake because mice receiving ROL 
once a day developed a colitis virtually indistinguishable 
from that in the DSS-positive control group, despite their 
reduced DSS water intake (ie, histopathology damage 
scores were not significantly different when DSS and DSS 
+ ROL, once a day, were compared). 

Macroscopic Assessment 

After 5 days of ad libitum exposure to 4% DSS many of the 
mice displayed clinical and macroscopic signs of inflam- 
mation and/or gut dysfunction. The distal two-thirds of the 
colon of DSS-treated mice was consistently devoid of 
contents, whereas the colon of DSS + ROL-treated mice 
typically contained loosely formed stool. Table 1 shows 
that all animals receiving DSS, independent of PDE treat- 
ment displayed some signs of diarrhea or perturbed wa- 
ter balance; however, luminal fluid content was not quan- 
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Figure 2. Representative photomicrographs of colonic segments from mice given regular water, ie, control (a); ROL only, twice daily (b); DSS only (c); DSS + 
ROL, twice daily (d); DSS + PTX, twice daily (e); and mice treated with DSS + ROL, twice daily for 5 days and then allowed to recover for an additional 3 days 
(0. m, muscle; small arrowheads denote edema; large arrowheads and arrows indicate inflammatory infiltrate. See Figure 1 legend for abbreviations and 
treatment regimen. 



tified. Typical of other colitidies, the DSS-treated animals 
had a significantly shortened colon, which was partially 
prevented by ROL and PTX (Table 1). In addition, DSS 
treatment resulted in a significant drop in body weight 
that was not abrogated by PTX and was exaggerated by 
concomitant ROL therapy (Table 1). This additional drop 
in body weight may be a consequence of the reduced 
water intake in this group of mice. 

Histology 

Figure 2, a and b, shows normal colonic structure and 
that ROL treatment (twice daily) did not alter colonic 
architecture, respectively. Colitis evoked by DSS was 



characterized by severe disruption of tissue architecture, 
edema, a massive mixed immune cell infiltrate (mononu- 
clear cells, neutrophils, and eosinophils), ulceration and 
significant areas of complete epithelial denudation, and 
muscle thickening (Figure 2c). Mice treated with ROL 
once daily along with DSS experienced the same fate as 
those in the DSS only group (data not shown). However, 
animals treated with ROL twice daily showed a significant 
improvement in colonic histology, ranging from an ap- 
pearance virtually indistinguishable from control tissue, to 
colons showing a mild immune cell infiltrate (Figure 2d), 
and those showing small foci of architectural destruction. 
Comparison of the tissue damage scores showed that 
colons from DSS-treated mice had scores in the range of 
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Figure 3- Bar chart showing colonic damage score after exposure to DSS ± 
PDE inhibitors. Means ± SEM; n = 9 to 15, except DSS + ROL(xl) where n = 
4. *,#, 5, statistically different CP < 0.05) groups compared to each other and 
control (CON). See Figure 1 legend for abbreviations and treatment regimen. 



5 to 1 1 (11 is maximum), whereas 1 1 of 1 2 animals in the 
DSS + ROL (twice daily) group had scores of <5; colon 
from the remaining animal in this group had a damage 
score of 5 (Figure 3). This reduction in colonic damage is 
complemented by the reduction in the number of mice 
displaying evidence of colonic/rectal bleeding (Table 1). 
Mice treated with DSS + PTX displayed an improvement 
in colonic histopathology compared to DSS-only mice, 
but there were still clear signs of edema, inflammatory 
infiltrate, and muscle thickening (Figure 2e). The damage 
score of DSS + PTX-treated mice was intermediate be- 
tween DSS-only and DSS + ROL-treated mice (Figure 3). 

MPO Activity 

Measurement of MPO activity revealed that DSS colitis 
was accompanied by an increase in MPO and that this 
was significantly reduced by concomitant ROL or PTX 
(twice daily): control = 0.10 ± 0.19; DSS = 1.53 ± 0.3 
(P < 0.05 compared to control, n = 9 to 20); DSS + 
ROL = 0.13 ± 0.21; and DSS + PTX = 0.38 ± 0.23 U/mg 
wet weight of tissue. 

Epithelial Function 

Baseline Isc, potential difference, and tissue conduc- 
tance values are shown in Table 2. These gut parameters 
were not significantly different when tissues from control 
and DSS colitis mice were compared. In contrast, re- 
sponses to all three pro-secretory stimuli were signifi- 
cantly reduced in tissues from mice treated with DSS, 
and this diminished responsiveness was not affected by 
co-treatment with ROL or PTX (twice daily) (Figure 4). 
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Figure 4. Bar charts showing the change in short-circuit current (Alsc) in 
colonic segments in response to electrical nerve stimulation (A), carbachol 
(lO - * mol/L) (B), and forskolin (10" 5 mol/L) (C) after 5 days of DSS 
exposure ± PDE inhibitors. Means ± SEM; n - 9 to 15; *, P< 0.05 compared 
to controls (CON). See Figure 1 legend for treatments. 



Cytokine Levels 

Enzyme-linked immunosorbent assay of serum samples 
(n = 6) and tissue homogenates (n = 3) revealed no 
detectable TNF-a in any of the treatment groups. (The 
assay protocol used herein has been used to success- 
fully detect serum levels of TNF-a in other studies in our 
laboratory.) 



Table 2. Basal Electrophysiological Parameters in Colonic Segments from Control and DSS-Treated Mice 





Control 


4% DSS (5 days) 


DSS + ROL 


DSS + PTX 


Short-circuit current (/uA/cm 2 ) 


60.3 ± 5.6 


46.7 ± 6.7 


56.0 ± 10.2 


33.9 ± 3.7 


Potential difference (mV) 


-5.5 ± 0.4 


-5.0 ± 0.7 


-5.4 ± 0.9 


-3.2 ± 0.3 


Conductance (mS/cm 2 ) 


18.0 ± 0.6 


16.2 ± 1.4 


20.5 ± 5.2 


17.8 ± 1.1 


n 


15 


15 


12 


9 



Mean ± SEM; drugs were administered intraperitoneal^ twice daily at 5 mg/kg; baseline values were recorded 20 minutes after tissues had been 
mounted in the Ussing Chambers. 
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Figure 5. Bar chart showing viability of murine epithelial (1EC.4.1) cells 
exposed to 1% or 2% DSS for 24 hours in vitro ± ROL (10~ 6 mol/L, single 
addition) as determined by trypan blue dye exclusion, where increased 
positivity indicates increased cell death. Data are means ± SEM and are 
presented as percentage of controls cells cultured in media only; n = 3 
experiments, with three replicates/condition in each experiment. *, P< 0.05 
compared to controls; positive control of distilled water resulted in 100% 
positivity (data not shown). 



Epithelial Viability 

As shown in Figure 5, exposure of a murine epithelial cell 
line to 1% or 2% DSS for 20 hours caused a two- to 
threefold increase in cell death that was not altered by 
concomitant treatment with ROL (10~ 6 mol/L). Similarly, 
use of the MTT assay as an indicator of epithelial viability 
(specifically mitochondrial function), revealed a signifi- 
cant reduction in MTT metabolism in epithelial prepara- 
tions exposed to DSS that was not abrogated by con- 
comitant ROL treatment: control = 0.71 ± 0.04; 1% 
DSS = 0.58 ± 0.03*. 1% DSS + ROL = 0.58 ± 0.02*. 2% 
DSS = 0.52 ± 0.0.02*. 2% DSS + ROL = 0.57 ± 0.04* 
optical density (OD) units (n = 8 replicates from a rep- 
resentative experiment, 3 experiments were performed; 
*P < 0.05 compared to control; cells treated with distilled 
water as a positive control = 0.05 ± 0.01* OD units). 

Recovery Studies 

The ability of ROL to reduce the histopathology in DSS 
colitis suggested the possibility that ROL-treated mice 
might recover more quickly from a 5-day course of DSS. 
In accordance with previous histological data, ROL + 
DSS-treated mice examined 3 days after the end of the 
treatment showed a significant preservation of colonic 
structure (Figure 2f): damage scores, DSS only = 6.5 ± 
0.9 and ROL + DSS = 1.9 ± 0.3 (n = 3 and n = 5, 
respectively). Stimulated epithelial ion transport events in 
colonic segments from mice 3 days after withdrawal of 



DSS were significantly reduced compared to control tis- 
sues (Table 3) and this reduction was similar to, or of a 
greater magnitude than, that observed from colonic tis- 
sue excised at the end of the 5-day DSS treatment (com- 
pare Figure 4 and Table 3). However, colon from mice 
treated with ROL + DSS showed a partial or statistically 
significant improvement in their responsiveness to pro- 
secretory stimuli (Table 3). In addition, carbachol chal- 
lenge of colon excised from mice 3 days after the DSS 
treatment resulted in a drop in Isc (shown as a negative 
value in Table 3), rather than the expected transient 
increase in Isc that occurs in tissue from normal mice. In 
contrast, tissues from mice treated with DSS + ROL all 
displayed an increase in Isc in response to carbachol, 
although the magnitude of the response was very vari- 
able (6.7 to 65.5 jWcm 2 ). 



Discussion 

The therapeutic potential of PDE inhibition has been 
shown in a variety of models of acute and chronic inflam- 
mation, and to some extent in trials with patients exhibit- 
ing airway inflammation. 1,3,4 Analysis of inhibitors of 
PDEs have consistently implicated reduced TNF-a syn- 
thesis as a key component of their anti-inflammatory ac- 
tivity. 2,5 " 7 These data suggest that inhibition of PDE ac- 
tivity could be a rational therapy for human idiopathic 
inflammatory bowel disease, disorders that are often ac- 
companied by elevated TNF-a levels 9 Indeed, prelimi- 
nary data from animal studies 18,26 and a trial involving 
seven patients 27 support this postulate. However, evalu- 
ations of the use of PDE inhibitors to treat enteric inflam- 
mation have focused on histopathology and primarily 
neglected assessment of gut function. This study was 
designed to examine the ability of a PDE4-selective (ie, 
ROL) and a nonselective PDE inhibitor (ie, PTX) to mod- 
ulate the structural and functional abnormalities in murine 
colitis. Thus, using the established DSS model of murine 
colitis, 10,11 we show that: 1) ROL is more effective than 
PTX in preventing the DSS-induced colonic histopathol- 
ogy; 2) neither inhibitor affected the ion transport irregu- 
larities observed at the end of a 5-day DSS treatment; 
and 3) ROL-treated mice showed a more rapid recovery 
in their responsiveness to pro-secretory agents com- 
pared to DSS-only treated mice. 

Steroids are a mainstay in the treatment of inflamma- 
tory bowel disease and although they are very effective, 
their long-term use results in considerable side effects. 
Hence, there is a need for the development of other 



Table 3. Basal and Stimulated Ion Transport Events in Colon 3 Days after Termination of DSS 



Control 



4% DSS (5 days) 



DSS + ROL 



Baseline Isc (/iA/cm 2 ) 

Alsc to electrical nerve stimulation 

Alsc to carbachol (10~ 4 mol/L) 

Alsc to forskolin (10~ 5 mol/L) 

n 



55.4 ± 14.4 
11.8 ±3.8 
42.1 ± 1.4 
152.6 ± 33.3 a 
3 



41.0 ± 10.5 
3.7 ± 2.2* 
-14.3 ± 6.9* 
40.3 ± 23.6 b 
3 



83.7 ± 12.6 
6.3 ± 1.6* 
26.7 ± 10.1 
85.9 ± 22.9 ab 
5 



Mean ± SEM; ROL at 5 mg/kg twice a day for the duration of the DSS exposure only. 

*, P < 0.05 compared to control; superscript letters indicate statistically similar groups using analysis of variance. 
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therapeutics to combat enteric inflammation, and one 
such strategy is to enhance immunosuppression by 
maintaining elevated cAMP levels via inhibition of PDE 
activity. Twice-daily treatment of mice with low-dose ROL 
or PTX resulted in significantly less colonic histopathol- 
ogy in animals with free access to 4% (w/v) DSS drinking 
water. Thus, general inhibition of PDE activity by PTX, or 
specific targeting of PDE4 by ROL resulted in greater 
preservation of colonic structure, and a concomitant de- 
crease in tissue MPO levels compared to mice receiving 
DSS and saline or DSS and drug vehicle. PTX was con- 
sistently less effective than ROL in abrogating colonic 
pathology and because it was used at the same concen- 
tration as ROL, a value 20 times less than that used in 
other PTX studies, 26,28 this suggests that the benefit of 
either drug is because of inhibition of PDE4, the predom- 
inant PDE in immune cells. These data support the use 
of PDE4 inhibitors as an anti-inflammatory option and 
confirm recent data showing that inhibition of PDE 
activity reduces the histopathology associated with 
colitis. 18 - 26 " 28 

Analysis of colonic epithelial ion transport in the DSS 
colitis model has hitherto not been reported. Many of the 
mice exposed to DSS displayed a variable diarrhea and 
the colons of all treated animals were inflamed, often with 
significant epithelial loss. It is noteworthy that the ROL- 
treated (twice daily) animals, although showing histolog- 
ical improvement still had macroscopic signs of diarrhea/ 
water imbalance (Table 1) and this treatment did not 
ameliorate the ion transport (create the driving force for 
directed water movement) abnormalities caused by ex- 
posure to DSS (see below). Baseline Isc across colonic 
tissue from all DSS-treated mice (regardless of concom- 
itant PDE therapy), was not consistently elevated and ion 
conductance was within the range for normal tissue, sug- 
gesting unaltered permeability. Neither observation fits 
with the obvious tissue pathology. However, Isc is a 
composite of all of the active ion transport across the 
tissue and so additional studies examining specific ion 
movements in the colitic, and adjacent tissue are re- 
quired before precise statements regarding the driving 
forces for water movement can be made. Also, it is in- 
conceivable that epithelial loss would not result in in- 
creased permeability and indeed DSS-induced colitis 
has been shown to increase permeability. 29,30 The ab- 
sence of a significant increase in conductance observed 
here is likely because of the use of whole-thickness tis- 
sues in the Ussing chamber, such that any increase in 
epithelial permeability was offset by muscle hypertrophy 
(compare Figure 2, a and c). 

Increases in Isc evoked by all three pro-secretory stim- 
uli were significantly reduced in colonic segments ex- 
cised from DSS-treated mice. Similar diminished Isc re- 
sponsiveness has been observed in other animal models 
of colitis and in tissue resections from patients with in- 
flammatory bowel disease. 31 " 34 However, neither ROL 
nor PTX treatment led to any amelioration of the reduced 
Isc responses, clearly indicating uncoupling of structure 
and function in this model of colitis. Juxtaposition of these 
data with the histological portion of the study suggests 
that either regulation of Isc is more readily altered than 



derangement of colon structure, or that ion transport and 
colon structure are regulated by different mechanisms. 
Similarly, we and others have shown that colonic ion 
transport can be perturbed in the absence of any evi- 
dence of histological abnormalities as defined by light 
microscopy 22,32 For instance, colon excised from rats 
treated with the pro-colitic haptenizing agent TNBS 
(2,4,6-trinitrobenzenesulfonic acid) seems structurally 
normal 12 weeks after treatment, and although baseline 
ion transport and tissue conductance were within the 
normal range, responsiveness to nerve stimulation and 
carbachol remained depressed compared to tissues ex- 
cised from controls 32 Thus, in assessing the value of any 
putative anti-inflammatory agent it would seem impera- 
tive that structural analysis be complemented by func- 
tional studies. 

Given the ability of ROL to almost completely prevent 
DSS-induced histopathology, we postulated that ROL 
therapy might hasten the recovery process after DSS 
exposure. In support of this, we observed that whereas 
colonic tissue from DSS-only treated mice displayed re- 
duced Isc responses to electrical nerve stimulation, car- 
bachol and forskolin 3 days after replacing the DSS water 
with regular water, the colon from the ROL + DSS-treated 
animals showed a significant recovery in their secretory 
responsiveness. These data add further credence to the 
hypothesis that PDE inhibition may be a valuable adjunct 
therapy for colonic inflammation. 

The mechanism responsible for DSS-induced colitis is 
unknown and a variety of anti-inflammatory strategies 
have been used to treat the colitis, at least in terms of the 
histopathology. 12-16,29,35,36 Furthermore, the induction of 
colitis in severe combined immunodeficient, CD4 + -T cell 
depleted, and athymic mice by DSS reveals that thymus- 
dependent T cells are not a prerequisite for the colitis 37,38 
This has led to the suggestions that DSS-induced colitis 
is either a macrophage-driven event 39,40 (which fits with a 
pivotal role for TNF-a), or because of direct epithelial 
cytotox i c i ty/i n h i b i t ion of proliferation 37,41,42 Thus, we 
sought to examine the affect of ROL therapy on TNF-a 
levels and epithelial viability. 

At the end of the 5-day DSS exposure, TNF-a levels 
were neither detected in the serum nor colonic tissue 
homogenates from control, DSS, or DSS + ROL-treated 
mice. Thus, we can provide no evidence in support of 
inhibition of TNF-a production as a component of the 
anti-inflammatory activity of ROL in this model system. 
However, because TNF-a is rapidly mobilized it is possi- 
ble that ROL did reduce the levels of TNF-a earlier in the 
treatment regimen. Moreover, although numerous studies 
have shown that phosphodiesterase (PDE) inhibition re- 
duces macrophage-stimulated TNF-a production 2,7 it 
has recently been shown that the reduction in nonsteroi- 
dal anti-inflammatory drug-induced enteropathy in the rat 
by ROL was independent of it's ability to reduce plasma 
TNF-a levels 43 Also, the clinical improvement in patients 
with Crohn's disease treated with PTX did not correlate 
with reduced tissue TNF-a levels. 27 In addition, PDE in- 
hibition can result in reduced IL-1j8, IL-6, IL-8, and IL-12 
levels and clearly any, or all of these cytokines may be 
involved in mediating enteric inflammation 44-46 
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Using the vital stain, trypan blue, and the MTT assay to 
assess epithelial viability, we found that DSS was directly 
toxic to the murine IEC.4.1 cell line in vitro. These findings 
are in accordance with other publications. 37 However, 
simultaneous ROL treatment did not abrogate the DSS 
cytotoxic effects and we speculate that the beneficial 
effect of ROL in vivo is not because of inhibition of epi- 
thelial cell death by directly affecting the epithelial cell. 

In summary, we have shown that use of the PDE inhib- 
itors ROL and PTX significantly reduced the histopathol- 
ogy in a murine model of colitis. Neither agent affected 
the reduced secretory responsiveness that was apparent 
in colonic tissues examined at the end of the 5-day DSS- 
treatment period, although ROL therapy did enhance the 
recovery phase after withdrawal of the colitic stimulus. 
These findings add to the list of models of colitis that are 
characterized by perturbations in ion transport and com- 
plement a smaller number of investigations illustrating 
that normal histological appearance is not necessarily 
reflective of functional normality. We suggest that PDE 
inhibitors, particularly those targeted at the PDE4 iso- 
form, 47 warrant further assessment as tools to combat 
enteric inflammation either alone or as part of a combi- 
nation therapy regimen 28 
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ABSTRACT 

The specific type IV phosphodiesterase inhibitor rolipram is a 
potent suppressor of tumor necrosis factor-a (TNF) synthesis. 
We examined the efficacy of rolipram for the prevention and 
treatment of experimental colitis. To induce colitis, BALB/c 
mice received 5% dextran sulfate sodium in their drinking water 
continuously for up to 11 days. Colitis was quantified by a 
clinical activity score assessing weight loss, stool consistency, 
and rectal bleeding (range from 0 to 4); by colon length; by a 
semiquantitative histologic score (range from 0 to 6); and by 
detecting TNF concentration in colonic tissue by enzyme-linked 
immunosorbent assay. In a first protocol, rolipram (10 mg/kg 
b.wt/day i.p.) was started on the same day as dextran sulfate 
sodium. Rolipram reduced the clinical activity of colitis (score 



1.1 ± 0.3) compared with mice that did not receive rolipram 
(2.4 ± 0.4; P = .041). Rolipram also partially reversed the 
reduction of colon length (without rolipram, 1 2.4 ± 0.3 cm; with 
rolipram, 15.4 ± 0.7 cm; P = .004) and improved the histologic 
score (1 .5 ± 0.6 in rolipram-treated mice versus 4.6 ± 0.5; P = 
.020). Rolipram suppressed colonic tissue TNF concentrations. 
The beneficial effect of rolipram was confirmed in a second 
protocol in which dextran sulfate sodium exposure was discon- 
tinued on day 7 and rolipram was administered from day 8 
through day 15. These three series of experiments on a total of 
153 mice documented the efficacy of rolipram in both the 
prevention and treatment of experimental colitis. 



In several diseases, the proinflammatory cytokine tumor 
necrosis factor-a (TNF) forms a necessary element in the 
chain of pathophysiologic events leading to inflammation. 
Successful treatment with anti-TNF-antibodies in patients 
with Crohn's disease (van Dullemen et al., 1995; Stack et al., 
1997; Targan et al., 1997; Present et al., 1999), with rheu- 
matoid arthritis (Elliott et al., 1994), and with Jarisch-Herx- 
heimer reaction (Fekade et al., 1996) illustrate anti-inflam- 
matory strategies based on the specific blockade of TNF 
(Eigler et al. 1997). Among the agents known to inhibit TNF 
production rather than block its function, attention has fo- 
cused on cAMP-elevating phosphodiesterase (PDE) inhibi- 
tors. The predominant PDE isoenzyme family in monocytes, 
a main source of TNF production, is the PDEs of type IV. 
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Compared with the nonspecific PDE inhibitor pentoxifylline 
(Strieter et al., 1988), the specific type IV PDE inhibitor 
rolipram is a 500-fold more potent inhibitor of TNF synthesis 
in human mononuclear cells (Semmler et al., 1993). 

Rolipram has initially been developed and studied in clin- 
ical trials as an antidepressant (Wachtel 1983). Recently, the 
potential therapeutic use of rolipram in TNF-dependent dis- 
ease has been demonstrated in several animal models. Roli- 
pram mitigated experimental autoimmune encephalomyeli- 
tis in rats (Sommer et al., 1995) and in nonhuman primates 
(Genain et al., 1995) and decreased clinical activity of exper- 
imental arthritis in rats (Nyman et al., 1997; Ross et al., 
1997), In mice, rolipram decreased lipopolysaccharide-in- 
duced TNF plasma levels (Fischer et al., 1993) and protected 
from T-cell-mediated liver failure (Gantner et al., 1997). 

In humans, the majority of inflammatory bowel disease 
occurs in two related, albeit clinically and histologically dis- 
tinct disorders, ulcerative colitis and Crohn's disease. Both 
diseases are characterized by chronically relapsing inflam- 
mation of the bowel of unknown cause. Crohn's disease is 
characterized by a granulomatous, transmural inflammation 
of the bowel wall, predominantly in the distal ileum. In 
contrast, ulcerative colitis is defined by crypt abscesses and 
ulcerations limited to mucosa and submucosa, associated 



ABBREVIATIONS: TNF, tumor necrosis factor-a; PDE, phosphodiesterase; DSS, dextran sulfate sodium; ELISA, enzyme-linked immunosorbent 
assay; IL, interleukin. 
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with a prominent inflammatory infiltrate. The mainstay of 
therapy for inflammatory bowel disease is aminosalicylates 
and topical and systemic glucocorticoids. Both provide ther- 
apeutic benefit and improve quality of life in many patients, 
but others suffer from recurrent disease despite systemic 
glucocorticoid therapy. More specific and more effective ther- 
apeutic agents with fewer side effects are needed for the 
permanent control of inflammatory bowel disease. 

Several experimental models of inflammatory bowel dis- 
ease have been described (Kim and Berstad, 1992; Diele- 
man et al., 1994; Elson et al., 1995). The dextran sulfate 
sodium (DSS) model of colitis has been recommended for 
preclinical testing of new pharmacologic compounds for 
therapy of chronic inflammatory bowel disease (Cooper et 
al., 1993; Elson et al., 1995). DSS-induced colitis has a 
number advantages, including its simplicity, the ability to 
induce inflammatory lesions, and the reproducibility in 
respect to both time course and severity among individual 
mice of a given inbred strain. As in Crohn's disease, mac- 
rophage activation and TNF production play a key role in 
DSS-induced colitis. Elevated levels of TNF have been 
found in the inflamed colons of DSS-treated mice (Diele- 
man et al., 1994). 

Several studies pointed to a necessary mediator function of 
TNF, particularly in Crohn's disease (Targan et al., 1997; van 
Deventer, 1997; Present et al., 1999). TNF elevation was 
more pronounced in Crohn's disease than in ulcerative colitis 
both in plasma (Murch et al., 1991) and mucosal samples 
(Murch et al., 1993; Breese et al., 1994). In the present 
article, we extend our previous in vitro studies on TNF inhi- 
bition by rolipram (Semmler et al., 1993; Siegmund et al., 
1997; Eigler et al., 1998) to demonstrate that rolipram atten- 
uates the development of experimental colitis and improves 
recovery of animals with established colitis. 

Materials and Methods 

Animals and Induction of Colitis. Female BALB/c mice (~~6 
weeks of age, mean body weight 20 g) were purchased from Harlan 
Winkelmann GmbH (Borchen, Germany). Mice were kept under 
standard laboratory conditions at the animal facility at the Mediz- 
inische Klinik, Klinikum Innenstadt. Drinking water and food were 
provided ad libitum. Mice were sacrificed by cervical dislocation 
under isoflurane anesthesia (Forene; Abbott GmbH, Wiesbaden, 
Germany). All experiments were approved by the regional animal 
study committee and are in agreement with the guidelines for the 
proper use of animals in biomedical research. Animal handling and 
scoring of colitis were performed in a consequently blinded experi- 
mental design. 

DSS (molecular mass 40,000 Da) was obtained from ICN Biomedi- 
cals GmbH (Eschwege, Germany) and dissolved in distilled water. 
Colitis was induced by providing drinking water containing 5% DSS 
(w/v) for 7 to 11 days as indicated. Control mice received distilled 
water. 

Clinical Activity Score. Colitis was quantified with a clinical 
score assessing weight loss, stool consistency, and bleeding (mea- 
sured by guaiac reaction, hemoccult) as described previously (Cooper 
et al., 1993). No weight loss was counted as 0 points, weight loss of 1 
to 5% as 1 point, 5 to 10% as 2 points, 10 to 20% as 3 points, and 
>20% as 4 points. For stool consistency, 0 points were given for well 
formed pellets, 2 points for pasty and semiformed stools that did not 
stick to the anus, and 4 points for liquid stools that did stick to the 
anus. Bleeding was scored 0 points for no blood in hemoccult, 2 points 
for positive hemoccult, and 4 points for gross bleeding. These scores 



were added and divided by 3, forming a total clinical score that 
ranged from 0.0 (healthy) to 4.0 (maximal activity of colitis). 

Colon Length, Histologic Scoring, and Mean Cross-Sec- 
tional Area. Postmortem, the entire colon was removed from the 
cecum to the anus and placed without tension on cellulose. Colon 
length was measured as an indirect marker of inflammation. 

Rings of the ascending, transverse, and descending part of the 
colon were fixed in 10% formalin and embedded in paraffin for 
histologic analysis. Sections were stained with hematoxylin/eosin. 
Histologic scoring was performed by a pathologist (0 to 3 points for 
infiltration of inflammatory cells plus 0 to 3 points for the degree of 
tissue damage). For infiltration of inflammatory cells, rare inflam- 
matory cells in the lamina propria were counted as 0; increased 
numbers of inflammatory cells in the lamina propria as 1; confluence 
of inflammatory cells, extending into the submucosa as 2; and a score 
of 3 was given for transmural extension of the infiltrate. For tissue 
damage, no mucosal damage was counted as 0, discrete lymphoepi- 
thelial lesions were counted as 1, surface mucosal erosion was 
counted as 2, and a score of 3 was given for extensive mucosal 
damage and extension through deeper structures of the bowel wall. 
The combined histologic score ranged from 0 (no changes) to 6 (ex- 
tensive cell infiltration and tissue damage). 

For the image analysis of cross-sectional areas, glass slides were 
imported into Photoshop (Adobe Systems Incorporated, San Jose, 
CA) on an Apple computer (G3; Apple Computer, Inc., Cupertino, 
CA) with a kodachrome slide scanner (Nikon LS 1000). Kodachrome 
frames were opened on one side to allow introduction of the glass 
slide. Three entire cross sections of each colon part were selected 
with the "magic wand tool" in the Photoshop toolbox (Lehr et al., 
1997). The cross-sectional area of the three bowel sections was quan- 
tified with the "histogram tool" (in number of pixels) and was trans- 
formed into square millimeters with comparative measurements of a 
micrometer slide. 

Treatment with Rolipram. Rolipram (0.5 mg), kindly supplied 
by Schering AG (Berlin, Germany), was diluted in 1 ml of distilled 
water by heating the solution for 30 s at 60°C and then cooling it at 
room temperature for 2 min. This was repeated until rolipram was 
totally dissolved. The solution was then frozen into aliquots of 2 ml 
at -80°C. This proved to be the most reliable protocol to dissolve a 
relatively high concentration of rolipram for a low total injection 
volume of 200 /ud. Rolipram (5 mg/kg b.wt. b.i.d.) was injected two 
times per day i.p. with a total injection volume of 200 /ml each. 
Control mice were injected with 200 yX of 0.9% NaCl. To test the 
therapeutic efficacy of rolipram, two protocols were used: 1) in the 
concurrent treatment protocol (prevention of colitis), DSS was ad- 
ministered for up to 11 days with rolipram therapy starting the same 
day as DSS; and 2) in the delayed treatment protocol (treatment of 
established colitis), colitis was first induced by DSS administration 
from day 1 to day 7, rolipram therapy was then started at day 8, and 
was continued up to day 15. 

Colon Cytokine Extraction. Strips (~4 cm) of colon from DSS- 
exposed mice with or without rolipram treatment were weighed, 
vigorously vortexed for 1 min in 100 /xl of 0.01 M PBS (Boehringer 
Mannheim, Ingelheim, Germany), and centrifuged at 10,000g at 4°C 
for 15 min. TNF was quantified in the eluate with a commercial 
enzyme-linked immunosorbent assay (ELISA) kit (Endogen, 
Woburn, MA) according to the manufacturer's instructions. The 
lower limit of detection of the assay is 50 pg/ml. 

Statistical Analysis. All data are expressed as means ± S.E. 
Statistical significance of differences between treatment and control 
groups was determined by the unpaired two-tailed Student's t test. 
Where applicable, P values were corrected by the Bonferroni method 
for three independent comparisons (clinical score, colon length, and 
histologic degree of inflammation). Differences were considered sta- 
tistically significant for P < .050. Statistical analyses were per- 
formed with StatView 512 software (Abacus Concepts, Berkeley, CA). 
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Results 

Characteristics of Colitis. Treatment of BALB/c mice 



sive lesions and inflammatory cell infiltration composed 

mainly of macrophages with fewer lymphocytes and occa- 

cr/ noo . . . c n -j -> j | , j . sional eosinophils and neutrophils (Fig. 1, B and C). In some 
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clinical, gross, and histologic signs of colitis that resolved 
gradually when DSS administration was discontinued (Figs. 
1-5). Mice produced loose stool or diarrhea, occult or gross 



of epithelium were noted in the mucosa. The histologic score 
(assessing the extent of infiltration of inflammatory cells and 



rectal bleeding, and lost weight. After 11 days, the colon the de ^ ee of tissue damage, range from 0 to 6) was deter- 



pared with 17.4 ± 0.3 cm (n = 4; P < .001) in healthy transverse colon, and descending colon, each section evalu- 

controls. This has been described as a morphologic parameter ated separately. The most severe lesions were observed in the 

of colon inflammation (Okayasu et al., 1990). transverse and the descending colon. After 11 days of contin- 

Histologic examination of colon sections from control mice uous DSS administration, a histologic severity score of 4.6 ± 

showed no signs of inflammation (Figs. 1A and 2A). Histology 0.5 (n = 14) was reached (Fig. 6). 




Fig. 1. Histologic characteristics of DSS-induced colitis. A, normal colonic mucosa with regularly formed colonic folds covered by intact mucosa. Only 
occasional leukocytes are present in the lamina propria of the mucosa. B, a focal accumulation of lymphocytes, histiocytes, and fewer neutrophils 
compared with (A). Although the surface layer of the mucosa is still intact, there is marked crypt destruction by the inflammatory infiltrate. The 
inflammatory process is limited to the mucosa and submucosa. C, severe colonic inflammation, characterized by a dense inflammatory cell infiltrate 
in all colonic wall structures and widespread mucosal sloughing. Note the circumscription of the destructive process, immediately adjacent to normal 
appearing mucosa. Magnification of the images is 130-fold for (A) and (C), and 325-fold for (B). 









Fig. 2. Influence of rolipram on the histologic manifestation of DSS-induced colitis. Shown are representative cross sections of the transversal colon 
in control mice without DSS (A) and in DSS-treated mice treated with i.p. injections of 0.9% NaCl (B) or rolipram [10 mg/kg b.wt., (C)l at day 11. Note 
the regional mucosal destruction in DSS-treated mice (B), which is effectively reversed by rolipram (C). In rolipram-treated mice, there is still some 
degree of edema, but no cross-mucosal damage. Also note the difference in colon cross-sectional area, which is partially reversed by rolipram. 
Magnification of the images is 52-fold. 



ment (days 0 to 7) and after DSS discontinuation (days 8 to 
15) developed increasing histologic signs of colitis over time 
(Fig. 3). Although mice improved clinically after discontinu- 
ation of DSS administration at day 7 (clinical score at day 8 
was 2.1 (n = 2) compared with 0.8 at day 15 (n = 7; P = .008; 
data not shown), on the histologic level no decrease of cellular 
infiltration and tissue damage could be found until day 15 
(Fig. 3). The apparent lack of improvement on the histologic 
level may be due to cellular infiltration involved in tissue 
regeneration during the first days of recovery. 

Prevention of Colitis with Rolipram. In the concurrent 
treatment protocol, we tested the effect of rolipram on the 
prevention of DSS-induced colitis. Mice were administered 
5% DSS in their drinking water and were injected i.p. with 
rolipram or with 0.9% NaCl for a total of 11 days. This 



protocol was studied in two independent experimental series. 
The first series comprised 14 mice. Mice fed with DSS devel- 
oped clinical signs of colitis expressed by an activity score 
>0.5 starting from day 4 (Fig. 7). Intraperotineal injection of 
rolipram in a dose of 10 mg/kg b.wt. daily did not retard onset 
of colitis during the first 6 days of DSS administration. After 
that, it significantly reduced the progression of colitis as 
expressed by a lower clinical activity score (l.l±0.3;rc = 5 
in rolipram-treated mice compared with 2.4 ± 0.4; n = 5 in 
NaCl controls; P = .041; day 11) (Fig. 7). Each of the three 
clinical parameters assessed in the clinical score was benefi- 
cially influenced by rolipram (body weight, 19.5 g ± 1.5 g in 
rolipram-treated mice versus 18.0 ± 0.9 g in NaCl-treated 
controls; stool consistency score, 0.0 ± 0.0 versus 1.2 ± 0.5; 
rectal bleeding score, 0.8 ± 0.8 versus 2.4 ± 1.0). Control 
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Fig. 3. Time course of DSS-induced colitis at the histologic level. Mice 
were treated with 5% DSS in drinking water for 8 days. At the indicated 
time points, mice were sacrificed and sections of the ascending, trans- 
verse, and descending colon were examined and scored for cellular infil- 
tration and tissue damage. The magnitude of the histologic score reflects 
the degree of colitis (0, no changes, to 6, severe tissue damage and cell 
infiltration). Data represent the mean ± S.E. histologic score (average of 
the scores of a ascending, transverse, and descending section) of two mice 
(days 1 to 13) or of seven mice (day 15). Mice without DSS treatment had 
no signs of colitis (histologic score 0). 

mice (without DSS) treated with 0.9% NaCl or rolipram i.p. 
developed no signs of colitis (Fig. 7). At day 11, all mice were 
sacrificed. Of the DSS-treated mice, those with rolipram 
therapy had a longer colon (15.4 ± 0.7 cm) than NaCl controls 
(12.4 ± 0.3 cm; P = .004). Thus, rolipram had partially 
reversed the colon shortening induced by DSS compared with 
mice with normal drinking water (17.4 ±0.3 cm). This ar- 
gued for a lower extent of inflammation, which was con- 
firmed by histologic examination in the rolipram group (Fig. 
2C) compared with the NaCl group (Fig. 2B). In DSS-treated 
mice, rolipram decreased the histologic score compared with 
NaCl-treated control mice (1.5 ± 0.6 versus 4.6 ± 0.5; P = 
.020; Fig. 6). 

The second experimental series studied with concurrent 
rolipram treatment comprised 36 animals. The beneficial 
effect of rolipram was confirmed by clinical [1.8 ± 0.6 in 
rolipram-treated mice (n = 14) versus 3.7 ± 0.3 in control 
mice (n = 14; P = .021; day 11; data not shown] and histologic 
scoring (1.9 ± 0.6 versus 4.3 ± 0.4; P = .014). The colon 
lengths in this series were 12.8 ± 0.4 versus 10.0 ± 0.3 cm; 
P < .001). In this experimental series, a further indicator of 
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Fig. 4. Accelerated remission of established colitis by rolipram. Mice were 
treated with DSS in drinking water for 7 days. Rolipram treatment (10 
mg/kg b.wt. daily) was started at day 8 after discontinuation of DSS. The 
degree of colitis was quantified by the clinical score (assessing weight 
loss, stool consistency, and bleeding; see Materials and Methods). Mice 
with rolipram treatment (•) recovered earlier than mice without rolip- 
ram treatment (gray circles; P - .022 at day 15; unpaired t test). Control 
mice without DSS exposure injected with either rolipram or 0.9% NaCl 
developed no signs of colitis. Scores are depicted as means ± S.E. DSS 
groups, n - 14; control groups, n = 6). 
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Fig. 5. Reduction of colon length in DSS-induced colitis with and without 
rolipram treatment. Mice were treated with DSS in drinking water for 7 
days. Rolipram treatment (10 mg/kg b.wt. daily) was started at day 8 
after discontinuation of DSS. At the indicated time points, two mice of 
both DSS groups and one mouse of both control groups (with or without 
rolipram, respectively) were sacrificed and the length of the colon was 
measured. At day 15, the remaining 7 mice of both DSS groups and the 
remaining 3 mice of both control groups were examined. DSS-induced 
colitis lead to shortening of the colon as a marker of inflammation. 
Rolipram treatment partially reversed this shortening (P < .001 at day 
15; unpaired t test). Values are depicted as the mean length of the colon 
in each group. Error bars indicate S.E.M. 



inflammation, the mean cross-sectional area of the colon wall 
was assessed with computer-based image analysis in nine 
colonic sections from each colon (Lehr et al., 1997). The mean 
area was higher in DSS-exposed mice (2.1 ± 0.2 mm 2 ) com- 
pared with mice with normal drinking water (1.3 ± 0.2 mm 2 ; 
P = .011). In the rolipram-treated DSS-exposed mice, this 
increased colon wall thickness was completely reversed 
(1.2 ± 0.1 mm 2 ; P < .001; Fig. 2). 

For measurement of colonic TNF concentration, the colon 
from 15 mice of a third experimental series treated as de- 
scribed above was obtained at day 11 (Fig. 8). Eluate from 
colonic tissue of DSS-exposed mice without rolipram treat- 
ment had the highest TNF concentration of 201 ± 39 pg/mg 
(wet weight) colonic tissue (n = 4) compared with 115 ± 25 
pg/mg colonic tissue (n = 7) in rolipram-treated mice. In the 
noninflamed colon of control mice receiving rolipram alone, 
TNF was 97 pg/mg colonic tissue (n = 2) and in mice receiv- 
ing 0.9% NaCl TNF was 97 pg/mg colonic tissue (n = 2). 

Treatment of Established Colitis with Rolipram. To 
further evaluate the therapeutic value of rolipram, we stud- 
ied the effect of rolipram on preexisting colitis (delayed treat- 
ment protocol). Colitis was induced by the administration of 
DSS for 7 days. On day 8, after discontinuing DSS adminis- 
tration, rolipram therapy was started. A total of 88 mice was 
included in two independent series of studies. The first series 
was designed to assess clinical score and postmortem mor- 
phologic parameters at defined time points during resolution 
of colitis. In the second series, clinical parameters were fol- 
lowed until complete resolution of clinical colitis in treatment 
and control groups. 

The first study included 54 mice, with 7 or 3 mice in each 
of the four treatment groups available for morphologic exam- 
ination at the end of the study. The other mice were sacrificed 
at the indicated time points during the study. 

On the first day of treatment (day 8), the groups desig- 
nated to receive rolipram or 0.9% NaCl, respectively, had 
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Fig. 6. Reduction of histologic signs of colon inflammation by rolipram. 
Mice were treated with 5% DSS in drinking water for 11 days and were 
given rolipram (10 mg/kg b.wt./day i.p.; n = 5) or 0.9% NaCl (n = 5). At 
day 11, mice were sacrificed and colon sections were stained and the 
histologic score (degree of inflammation: 0, no changes, to 6, extensive cell 
infiltration and tissue damage) was determined in a blinded fashion by a 
pathologist. In the rolipram-treated group, the histologic score was lower 
compared with mice given 0.9% NaCl (P = .020; unpaired t test). Control 
mice without administrating DSS developed no colitis. Scores are de- 
picted as means ± S.E. 

developed similar clinical activity of colitis (2.8 ± 0.2 in the 
rolipram group; 2.5 ± 0.2 in the NaCl group; N.S.; Fig. 4). 
After discontinuation of DSS administration, the clinical 
score in the control group declined gradually until day 15 
(1.4 ± 0.3; n = 7). The rolipram-treated mice recovered faster 
as demonstrated by an earlier decrease and a lower clinical 
score at day 15 (0.3 ± 0.1; n = 7; P = 0.003). 

Changes of the colon length reflected the clinical course 
(Fig. 5). At the indicated time points, two mice in each group 
were sacrificed. Beginning at day 10, the colon length in the 
rolipram group showed an earlier increase (indication of de- 
creased inflammation) compared with the control group. 
From day 0 to 13, the variation is due to the low number of 
mice at each time point (two mice in each group). At day 15, 
all remaining mice were sacrificed (seven mice each in groups 
with DSS, three mice each in both groups without DSS). The 
colon length in the rolipram group was significantly longer 
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Fig. 7. Mitigation of DSS-induced colitis by rolipram. Mice were treated 
with 5% DSS in drinking water for 11 days. The degree of colitis was 
quantified by the clinical score assessing weight loss, stool consistency, 
and bleeding (range from 0, healthy, to 4, maximal activity; see Materials 
and Methods). Rolipram treatment (10 mg/kg b. wt. b.i.d. i.p.; •; n = 5) 
beginning the same day as DSS administration reduced the development 
of colitis compared with mice 0.9% NaCl treatment (gray circles; n = 5; 
one mouse died on day 8; P = .041; unpaired t test). Control mice (n = 2) 
without DSS treatment but injection of rolipram (O; n = 2) or of 0.9% 
NaCl (data not shown; n = 2) showed no clinical signs of colitis. Scores are 
depicted as means ± S.E. 
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Fig. 8. Suppression of colonic TNF concentration by rolipram. Mice were 
treated with 5% DSS in drinking water for 11 days. At day 11, the colon 
was removed, weighed, vortexed for 1 min in 100 jd of PBS, and centri- 
fuged at 10,000^ for 15 min as described in Materials and Methods. TNF 
was quantified in the eluate by ELISA. Maximal TNF concentration could 
be measured in colonic tissue of DSS-treated mice (201 ± 39 pg/mg 
colonic tissue; n = 4) compared with rolipram-treated mice (115 ± 25 
pg/mg colonic tissue; n = 7). In control mice colon, we observed the lowest 
concentrations, respectively (97 pg/mg colonic tissue; n = 2 in each 
control group). 



than in DSS-fed mice given 0.9% NaCl (14.4 ± 0.4 versus 
11.9 ± 0.3 cm; P < .001). In the control groups without DSS 
exposure, the colon length in mice treated with rolipram 
(17.8 ± 0.2 cm) was unchanged compared with mice injected 
with 0.9% NaCl (17.5 ± 0.5 cm; data not shown). 

On the histologic level, no differences between rolipram- 
treated mice and the control group were found (histologic 
score 4.1 ± 1.1 in the rolipram group versus 4.3 ± 0.7 in the 
control group). For the mean cross-sectional area of the colon, 
there was only a trend to lower values in the rolipram group 
(2.8 ± 0.3 mm 2 ) compared with the control group (3.4 ± 0.3 
mm 2 ; P = .195). Both were markedly higher than in mice 
without DSS treatment (1.8 ± 0.1 mm 2 ; P = .010), reflecting 
inflammation in the DSS-treated mice. 

In the second series with the delayed treatment protocol, 
clinical parameters were followed until complete resolution 
of clinical signs of colitis. This study included 34 mice, 14 in 
both DSS-exposed groups and 3 mice in both groups without 
DSS. After 7 days, the groups designated to receive rolipram 
or 0.9% NaCl, respectively, had developed the same extent of 
colitis as in the first series (clinical activity score of the 
rolipram group, 2.1 ± 0.3, and for the NaCl group, 2.3 ± 0.3; 
data not shown). Confirming the results of the first series, 
rolipram-treated mice recovered earlier than control mice. 
The difference in the clinical activity score between both 
groups was maximal at day 11 (rolipram group, 1.3 ± 0.3; 
NaCl group, 2.4 ± 2.1; P = .005) and declined to nonsignifi- 
cance until day 15 (rolipram group, 0.5 ± 0.2; NaCl group, 
0.9 ± 0.3; P = .301). At day 15, the colon length of the 
rolipram-treated mice was significantly longer (15.2 ± 0.4 
cm) than the colon length of untreated mice (13.0 ± 0.3 cm, 
P < .001; controls without DSS, 17.5 ± 0.3 cm). Differences in 
the individual scores of body weight, rectal bleeding, and 
stool consistency between both groups are summarized in 
Fig. 9B. Rolipram significantly decreased rectal bleeding and 
the appearance of loose stool. There was a nonsignificant 
trend to higher body weight in the rolipram group (P = .18). 
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Fig. 9. Beneficial effect of rolipram on weight loss, stool consistency, and 
bleeding. Clinical parameters in two independent series of experiments 
with 54 mice (A) and 34 mice (B) examining the effect of rolipram in the 
model of established colitis. Mice were treated with 5% DSS for 7 days 
before starting therapy with rolipram (10 mg/kg b.wtVday) on day 8. 
Clinical signs of colitis are summarized for the final day of the first series 
[day 15 (A), time course of composite clinical score of this study shown in 
Fig. 8] and for the day of maximal difference between treatment groups in 
the second series [day 11 (B); in this series, no significant differences at 
day 15]. Loss of body weight, stool consistency, and bleeding were semi- 
quantified by scores (see Materials and Methods). In the first series, one 
mouse in the DSS group without rolipram died at day 8 for unknown 
reasons. Data are shown as means ± S.E. Statistical evaluation was 
performed using the unpaired t test and P values were Bonferroni cor- 
rected. 

The results are in accordance with the findings of the first 
series regarding individual clinical parameters (Fig. 9A). 



Discussion 

Summary of Results. Type IV PDE inhibitors have been 
identified as a potential therapeutic principle for asthma 
(Turner et al., 1994) and multiple sclerosis (Genain et ah, 
1995; Sommer et al., 1995) because they are potent inhibitors 
of diverse leukocyte functions. In this study, we present 
evidence that the specific type IV PDE inhibitor rolipram 
abrogates experimental colitis in mice. A total of 138 female 
BALB/c mice was included in our studies. Administration of 
DSS in drinking water induced clinical and histologic signs of 
colitis. In agreement with published studies, we found repro- 
ducible and interindividually similar degrees of colitis in 
DSS-treated mice. 

Rolipram therapy was effective for both prevention of coli- 
tis (Figs. 6 and 7) and therapy of established colitis (Figs. 4 
and 5). In the prevention model, rolipram administered in 



parallel with DSS did not inhibit or delay onset (-day 4) but 
decreased aggravation of colitis at later time points (between 
days 5 and 11; Fig. 7). In accordance with the clinical and 
histologic results, rolipram suppressed TNF synthesis in the 
colon of DSS-fed mice. The model of delayed treatment was 
designed to test the efficacy of rolipram as therapy of preex- 
isting colitis. Rolipram improved recovery of mice from es- 
tablished colitis after discontinuation of DSS treatment. 
Signs of colitis decreased earlier in rolipram-treated mice 
than in mice without therapy (Fig. 4). 

DSS Model. Several experimental models of inflammatory 
bowel disease have been described (for review, see Elson et 
al., 1995). The DSS model of colitis has been recommended 
for preclinical testing of new pharmacologic compounds for 
therapy of chronic inflammatory bowel disease (Cooper et al., 
1993; Elson et al., 1995). DSS-induced colitis has a number of 
advantages, including its simplicity, the ability to induce 
both acute and chronic inflammatory lesions, the high degree 
of uniformity of the lesions, and the reproducibility in respect 
to both time course and severity among individual mice of a 
given inbred strain. This uniformity and reproducibility is 
not achieved in several other experimental models of inflam- 
matory bowel disease (Elson et al., 1995). 

Side Effects of Rolipram. In general, therapy with roli- 
pram at a dose of 10 mg/kg b.wt./day was well tolerated by 
the mice. Immediately after injection of rolipram, mice 
showed reduced motility, but they returned to normal mo- 
toric behavior after a few minutes. These changes could not 
be attributed to the i.p. injection of fluid because changes in 
the behavior did not occur in control mice injected with 0.9% 
NaCl. In agreement with previous in vivo studies (Turner et 
al., 1994; Genain et al., 1995; Gantner et al., 1997; Nyman et 
al, 1997; Ross et al., 1997) with the same (10 mg/kg b.wt./ 
day) or lower doses of rolipram, we observed no major side 
effects. For higher doses, side effects in nonhuman primates 
include vomiting, salivation, and mouth scratching, none of 
which was observed in the present study (Genain et al., 
1995). 

Fasting has recently been described to have some protec- 
tive effect during development of DSS-induced colitis (Sav- 
endahl et al., 1997). In our study, in control mice without 
DSS, injection of rolipram did not influence body weight. In 
contrast, rolipram-treated DSS mice had higher body weight 
compared with mice without rolipram. Therefore, it is un- 
likely that rolipram exerts anti-inflammatory activity by de- 
creasing food intake as a possible mechanism of action. 

Cellular Effects of Rolipram. The anti-inflammatory 
activity of rolipram depends on its direct action on leuko- 
cytes. We and others have shown that rolipram strongly 
inhibits TNF production in monocytes and macrophages 
(Schade and Schudt, 1993; Semmler et al., 1993; Prabhakar 
et al., 1994; Seldon et al., 1995; Barnette et al., 1996). We 
have demonstrated that the synthesis of the anti-inflamma- 
tory cytokine interleukin (IL)-10 is enhanced by rolipram 
(Eigler et al., 1998) and that exogenous IL-10 acts synergis- 
tically with rolipram in decreasing TNF production (Sieg- 
mund et al., 1997). Furthermore, rolipram inhibits IL-2-me- 
diated proliferation of primary T cells but not IL-2 production 
itself (Essayan et al. 1994) and inhibits y-interferon synthe- 
sis of T cells (Essayan et al., 1994; Sommer et al., 1995). 
These anti-inflammatory characteristics of rolipram act in 
concert to effectively inhibit the inflammatory response in 
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vivo (Turner et al., 1994; Genain et al., 1995; Sommer et al., 
1995; Gantner et al., 1997). 

Determination of Endpoints in Colitis Model. We 
quantified clinical activity with a scoring system that has 
been described to be a reliable marker of pathologic changes 
(Cooper et al., 1993). The clinical score was determined in a 
blinded fashion to exclude bias by the examining person. 
Shortening of the colon as a morphologic parameter for the 
degree of inflammation correlates well with pathologic 
changes (Okayasu et al., 1990). In our studies, the length of 
the colon proved to be an easily determined and consistent 
marker of colitis. Histologic examination was performed 
blinded and included the degree of infiltration by inflamma- 
tory cells in the mucosa and the degree of tissue damage. In 
our study, a histologic score calculated from these two mark- 
ers was found to parallel clinical changes during induction of 
colitis. 

TNF-a and Colitis. There is evidence that TNF plays a 
central role in inflammatory bowel disease (for review, see 
van Deventer, 1997; Sandborn and Hanauer, 1999). The ther- 
apeutic benefit of TNF inhibition in Crohn's disease has been 
shown in clinical studies with chimeric anti-TNF antibodies 
(van Dullemen et al., 1995; Stack et al., 1997; Targan et al., 
1997; Present et al., 1999). Although proving the principle of 
targeting TNF in inflammatory bowel disease, efficacy of 
anti-TNF antibody therapy may decrease with time because 
of the formation of anti-idiotype antibodies. Furthermore, the 
development of antinuclear antibodies has been observed 
with prolonged anti-TNF antibody therapy in patients with 
rheumatoid arthritis (Elliott et al., 1994). 

Anti-TNF antibodies also have been tested in DSS-induced 
colitis. Neutralization of TNF but not of IL-1 reduced inflam- 
mation in the chronic model of DSS-induced colitis in mice 
(Kojouharoff et al., 1997). In another study, treatment with 
anti-TNF antibody failed to prevent onset of colitis in the 
acute model of DSS-induced colitis (Olson et al., 1995). These 
primarily contradictory results may be due to the protective 
effect of TNF against bacterial invasion in intact mucosa. 

PDE Inhibition and TNF-a. Intracellular concentrations 
of cAMP increase either as a consequence of receptor-trig- 
gered .adenylyl cyclase activation or by decreased activity of 
PDEs. Cyclic nucleotide PDEs have been classified into nine 
distinct families with several subgroups (Beavo, 1995). Be- 
cause the predominant PDE family in monocytes, the main 
source of TNF, is PDE IV (Seldon et al., 1995; Soilness et al., 
1997), specific type IV PDE inhibitors such as rolipram have 
proven high potency in suppressing TNF synthesis. Activa- 
tors of adenylyl cyclase, such as prostaglandin E 2 and pros- 
tacyclin analogs, synergize with PDE inhibitors both in in- 
creasing cAMP levels and in suppressing TNF synthesis 
(Sinha et al., 1995). One may speculate that PDE inhibitors 
given systemically may exert their maximal TNF-suppress- 
ing effect in tissue containing prostaglandin E 2 such as the 
inflamed mucosa of inflammatory bowel disease. 

Rolipram In Vivo. In humans, the specific type IV PDE 
inhibitor rolipram has been extensively studied as an anti- 
depressant. However, it has not been marketed because of 
the lack of an additional therapeutic benefit compared with 
established drugs. Several studies have revealed a beneficial 
effect of rolipram in inflammatory disease in vivo. In the rat 
model of experimental autoimmune encephalomyelitis, 
where TNF synthesis forms a central pathogenetic link, ro- 



lipram decreased disease activity (Sommer et al., 1995). In 
nonhuman primates, rolipram protected against autoim- 
mune demyelinating disease even when administered after 
sensitization to central nervous system antigens (Genain et 
al., 1995). In rats, rolipram decreased clinical activity of 
experimental arthritis (Nyman et al., 1997; Ross et al., 1997). 
Additionally, LPS-induced TNF synthesis in mice could be 
suppressed by rolipram (Griswold et al., 1998). Rolipram 
reduced airway hyper-responsiveness in response to acute 
and chronic antigen exposure in monkeys (Turner et al., 
1994). In this study, antigen-induced increases of TNF but 
not of IL-1 concentration were inhibited in bronchoalveolar 
lavage. This is in agreement with our in vitro findings of 
selective inhibition of TNF but not IL-1 synthesis by rolipram 
(Semmler et al., 1993). 

Phosphodiesterase Inhibition and Inflammatory 
Bowel Disease. To date, specific type IV PDE inhibition has 
not been tested as a therapeutic strategy for inflammatory 
bowel disease. However, there are reports on the use of the 
nonspecific PDE inhibitor pentoxifylline for this indication. 
In the trinitrobenzene sulfonic acid model of colitis in rats, 
pentoxifylline treatment reduced the pathologic changes 
(Peterson and Davey, 1997). Yet, in a small clinical study 
with 16 patients with corticosteroid-dependent Crohn's dis- 
ease, the administration of 400 mg of pentoxifylline admin- 
istered four times a day did not improve clinical or histologic 
activity of disease (Bauditz et al., 1997). In vitro studies by 
the same research group revealed that a high concentration 
of pentoxifylline (IC 50 = 25 fxg/ml) was necessary to inhibit 
TNF synthesis in organ cultures of inflamed mucosa (Re- 
imund et al., 1997). Nonspecific PDE inhibitors are less se- 
lective than rolipram and require a 500-fold higher concen- 
tration for inhibition of TNF synthesis. In human 
mononuclear cells, the concentration that inhibits TNF syn- 
thesis by 50% (IC 50 ) is 70 /llM for pentoxifylline and 130 nM 
for rolipram (Semmler et al., 1993). This limits the therapeu- 
tic use of compounds such as pentoxifylline as anti-inflam- 
matory agents. In the present study, we could demonstrate 
the suppression of colonic TNF concentrations by rolipram 
close to TNF concentrations observed in control mice. This 
emphasizes the mediatory function of TNF in this model. 

The present study has some limitations. First, although 
DSS-induced colitis serves as a model for human disease, the 
cause of colitis in humans is not known and therefore other 
pathogenetic mechanisms may be at active. Second, due to 
the species studied and the particular situation of the animal 
model, we have examined a short disease course of 11 to 15 
days, whereas inflammatory bowel disease in humans is 
chronic, extending over months and years. And third, i.p. 
administration is not a practicable route clinically and oral 
i.v. or topical formulations will have to be tested before the 
use in humans for this indication. 
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SUMMARY 

The effect of Rolipram, a selective inhibitor of the cyclic AMP specific phosphodiesterase (PDE IV) 
was evaluated in the rat collagen type II (RCII)-induced arthritis model in the DA rat. Rolipram was 
given either shortly before expected onset of disease (days 10-14) or shortly after the onset of clinically 
evident arthritis (days 15-19 after immunization). Administration at days 10-14 delayed the onset of 
arthritis for approximately 5 days, but the severity of arthritis was thereafter comparable to that seen in a 
non- treated control group. Rolipram treatment of animals with manifest arthritis inhibited further 
arthritis development and also tended to diminish its severity at a phase of disease where non-treated 
control animals showed a rapidly progressing disease development. Serum levels of antibodies to RCII 
were in all experiments similar between Rolipram-treated and control animals. An in situ hybridization 
method for determining cytokine mRNA synthesis in regional lymph nodes, after administration of 
Rolipram (at days 2-7), demonstrated a strong inhibitory effect on tumour necrosis factor-alpha (TNF-a) 
and interferon-gamma (IFN-7) mRNA expression, whereas no effects were seen on IL-2 mRNA synthesis 
after in vivo challenge with native RCII emulsified in Freund's incomplete adjuvant. The results thus 
demonstrate strong preventive as well as therapeutic effects of Rolipram in a model for arthritis that is very 
similar to human rheumatoid arthritis with respect to cytokine regulation, and suggest that Rolipram has its 
major effects in the effector stage of the arthritogenic immune response. 

Keywords arthritis collagen II Rolipram 



INTRODUCTION 

In trying to elucidate the value of new drug regimens in rheumatoid 
arthritis (RA), it is of critical importance to use animal models 
which share as many features as possible with the human disease, 
and in particular share the molecular mechanisms that are influenced 
by the drug in question. 

The collagen-induced arthritis (CIA) which can be induced in 
mice as well as in rats [1-3] fulfils many of the requirements for 
similarities in clinical features and conventional histology; early 
symmetrical involvement of proximal interphalangeal joints as 
well as erosions of cartilage and bone are key characteristics of 
CIA. More recently, we have demonstrated striking similarities 
between the patterns of cytokine expression in the RA joint and in 
certain stages of CIA. In particular, there was in both cases a 
pronounced induction of tumour necrosis factor-alpha (TNF-a) 
synthesis in synovial cells within the pannus in close proximity to 
the cartilage. Induction of TNF-a synthesis in regional lymph 
nodes of collagen-immunized animals also appears to be a key 
feature in the induction of disease [4]. 

Correspondence: Ulf Nyman, Department of Rheumatology, Karolinska 
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The proinflammatory cytokines TNF-a and IFN-y have 
emerged as key candidates for molecular targeting in the therapy 
of arthritis, not least from clinical demonstration of the efficacy of 
neutralizing anti-TNF-a antibodies in RA [5]. 

From a general point of view, a number of different TNF-a and 
IFN-7 inhibitors should be of interest for therapy of arthritis, and 
CIA should also be a good model to evaluate the value of such 
inhibitors, considering the apparent similarities between human 
RA and CIA in distribution , and participation of TNF-a in the 
pathogenesis of these diseases. We also believe that the autologous 
CIA in the DA rat is a particularly relevant model in many of these 
contexts, as it typically shows a chronic and persistent course of 
disease. 

Elevation of intracellular cAMP is a mechanism whereby 
TNF-a production is inhibited [6,7]. Both in vivo and in vitro this 
concept has been confirmed from results showing that the phospho- 
diesterase IV inhibitor Rolipram (4-(3-cyclopentyloxy-4-methoxy- 
phenyI)-2-pyrrolidone) [8] is effective in inhibiting the synthesis of 
TNF-a. 

The marked inhibition of TNF-a expression, by Rolipram may 
be explained by its specificity and high affinity to phosphodi- 
esterase IV, which is the predominant isoenzyme in monocytes [9J. 

415 



Supplied by The British Library - "The world's knowledge" 



416 



9 U. Nyman et al. 



Rolipram is an interesting compound for several reasons. It was 
originally designed as an antidepressive drug, and clinical trials 
within this field have been performed. More recently, Rolipram has 
also been shown to ameliorate the development of experimental 
autoimmune encephalitis [10]. 

Against this background, we wanted to investigate the clinical 
effects of Rolipram in CIA in the DA rat, and at the same time 
analyse the effects of the drug on the immune response to collagen 
as well as the effect of the drug on local synthesis of TNF-a. 

MATERIALS AND METHODS 

Animals 

Female DA rats, originally obtained from Zentralinstitut fur 
Versuchstiersucht (Hannover, Germany) were kept and bred at 
the animal unit at the Karolinska Hospital (Stockholm, Sweden). 
The rats were kept in a separate animal room under climate- 
controlled conditions with a 12-h light/dark cycle, housed in 
polystyrene cages containing wood shavings and fed standard 
rodent chow and water ad libitum. 

Immunization 

DA rats were immunized intradermally, at the back of the tail, with 
150 jig native rat collagen type II (RCII) prepared from chondro- 
sarcoma, as described previously [11,12], dissolved in 0*1 M acetic 
acid and emulsified 1 : 1 with Freund's incomplete adjuvant (FIA; 
Difco, Detroit, MI). 

Rolipram 

Racemate was dissolved in physiological saline containing 100g// 
cremophor EL (Sigma, St Louis, MO) and given subcutaneously. 

DA rats were injected with Rolipram twice daily: (i) four animals 
were injected with 2 mg/kg x 2 at days 2-7 after immunization; (ii) 
eight animals were treated with 2 mg/kg x2 at days 10-14; (iii) eight 
animals were treated with 3 mg/kg x 2, days 15-19. 

Controls 

The same number of DA rats as were treated with Rolipram only 
received physiological saline/cremophor mixture in the same 
administration regime as the treated animals. 

Evaluation of arthritis 

Arthritis develops normally in CH-immunized animals with 100% 
penetrance after about 2 weeks. Arthritis was assessed using a scale 
from 0 to 16, each of four paws being scored from 0 to 4, where 
0 = no arthritis, 1-3 a summary of points as follows: swelling of 
the ankle, one point; swelling of one or more intratarsal and/or 
metatarsal joints, one point; swelling of one or more interphalan- 
geal joints, one point; swelling of all joints, i.e. the entire paw, four 
points. 

Quantification of humoral anti-collagen immunity . 

IgG antibody litres to native CII were determined using an ELISA, 

as previously described by Lorentzen et al. [13]. 

Cell preparation 

Animals that received Rolipram between days 2 and 7 were killed 7 
days after immunization with RCII/FIA. Individual lymph nodes 
were dissected out and transferred to a sterile tube with PBS. 
Single-cell suspensions were obtained by grinding the lymph nodes 
through a wire mesh in PBS. After washing in PBSx2, cells were 
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loaded and centrifuged at 80 £ for 3min in a cytocentrifuge. 
Thereafter, cells were fixed for 1 min in 4% paraformaldehyde in 
PBS at 4°C. Slides were stored in 70% ethanol in DEPC-treated 
distilled water at 4°C until assayed. 

In situ hybridization 

RNA probes forTNF-a, interferon-gamma (IFN-7), 1L-2 and IL-4, 
labelled by a a- 32 S-UTP, were prepared by in vitro transcription of 
DNA templates, as described previously by Artursson et al [14]. 
All experiments were performed with both antisense and sense 
RNA probes. The in situ hybridization was performed as described 
by Mussener et al [4]. The results were expressed as number of 
labelled cells per l-0x 10 5 cells. 

RESULTS 

The effects of prophylactic administration of Rolipram are demon- 
strated in Fig. 1. The graphs illustrate the clinical outcome, 
measured as arthritis score, in DA rats treated with subcutaneous 
injections of Rolipram, 2 mg/kg, or control vehicle twice daily for 
5 days, between days 10 and 14 after immunization with FIA and 
RCII. The given mean score at each time point is the aritmetric 
mean score within the group. The animals in the Rolipram-treated 
group were refractory to development of arthritis at the presumed 
day of onset (about day 14). However, some 5 days after expected 
onset and after cessation of Rolipram administration, these animals 
started to develop an arthritis that demonstrated all the character- 
istics of arthritis in the untreated animals and reached the same top 
score as the control group. The animals in the control group 
demonstrated an arthritis development comparable to animals not 
receiving any type of treatment after immunization. 

The results of treatment of manifest arthritis with Rolipram are 
demonstrated in Fig. 2. The graphs demonstrate the effects on 
arthritis scores in DA rats treated with subcutaneous injection of 
Rolipram, 3 mg/kg, or control vehicle, twice daily, between days 
15 and 19 after immunization with FIA and RCII. Thus, treatment 
was initiated at a time point when arthritis was apparent. The given 
value at each time point is the average score within the group and 
corresponds to the evaluation system used in Fig. 1. The develop- 
ment of arthritis among the animals in the Rolipram-treated group 
changed drastically compared with animals in the control group. 
Progression of arthritis severity was halted, and after 5 days of 
treatment there was even a tendency towards decreased arthritis 
scores in the Rolipram-treated group. Between 2 and 6 days after 
cessation of Rolipram treatment, arthritis scores increased but did 
not reach the same level as in the untreated arthritis case during the 
observation period. 

Normally the humoral immune response after immunization 
with RCII/FIA demonstrates a rising titre of antibodies against 
RCII during the development of arthritis. In the present investiga- 
tion all animals developed antibodies aginst RCII. No differences 
in serum levels of anti-CII antibodies, as measured with an ELISA 
assay, could be demonstrated between any of the groups of 
Rolipram-treated animals or animals in the two control groups. 

The effects of Rolipram treatment, 2 mg/kg, between days 2 
and 7, on the expression of TNF-a, IFN-7, 1L-2 and IL-4 mRNA in 
regional lymph nodes were analysed. This time in the investigation 
was chosen on the basis of previous experiments, where significant 
expression in regional lymph nodes of TNF-a was demonstrated 
7 days after immunization with CII [4]. Animals that received 
Rolipram between days 2 and 7 after immunization with FIA and 
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Fig. I. The effects on arthritis scores in DA rats treated with subcutaneous injection of Rolipram (O; 2 mg/kg x 2) or a mixture of physiological 
saline and Cremophor (control, □) between days 10 and 14 after immunization with FreuiuTs incomplete adjuvant and collagen II, but before 
onset of manifest disease. Rolipram-treated animals were refractory to development of arthritis at the presumed day of onset. However, some 
5 days after expected onset, these animals started to develop an arthritis that demonstrated all the characteristics of arthritis in untreated 
animals, and reached the same arthritis lop score as the control group. Mean values are shown and bars indicate 1 s.d. 
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Fig. 2. The effects on arthritis scores in DA rats treated with subcutaneous injection of Rolipram (O; 3 mg/kg x 2) or a mixture of.physiological 
saline and Cremophor (control, □) between days 15 and 1 9 after immunization with Freund's incomplete adjuvant and collagen II. Treatment 
was initiated at a time point when arthritis was apparent. The development of arthritis in the Rolipram-treated group changed drastically 
compared with animals in the control group. Progression of severity was halted and after 5 days of treatment there was a tendency towards 
decreased arthritis scores. Between 2 and 6 days after cessation of treatment the summarized arthritis score increased again, but did not reach 
the levels observed in animals with untreated arthritis. Mean values are shown and bars indicate I s.d 
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Table 1. Effect of Rolipram compared with control on expression of 
cytokine mRNA in cells isolated from draining lymph nodes of DA rats 
7 days after immunization with rat collagen type II (RCII) in mineral oil 





TNF-or 


IL-2 


IFN-7 


1L-4 


RCII 


71 (±7) 


!3(±7) 


8 (±2) 


• 0 


RCII + Rolipram 


10 (±4) 


12 (±6) 


0 


0 



The results are expressed as mean numbers of tumour necrosis factor- 
alpha (TNF-a), IL-2, IFN-7 and \L-A producing cells per 10 x 10 5 lymph 
node cells ± s.d. (As demonstrated in the Table, a strong inhibitory effect of 
Rolipram was observed on TNF-a mRNA and IFN-7 mRNA synthesis, 
whereas no effects were seen on IL-2 mRNA synthesis. IL-4 mRNA 
expression could not be demonstrated in the lymph nodes of treated animals 
or controls.) 



RCII were killed after the last day of treatment. Regional draining 
lymph nodes were isolated and cells prepared for mi situ hybridiza- 
tion. The results of the present in situ hybridization are demon- 
strated in Table 1, and are expressed as numbers of labelled cells 
per 10 5 cells. As demonstrated in the Table, a strong inhibitory 
effect of Rolipram was observed on the expression of TNF-a and 
IFN-y mRNA, whereas no effect was seen on IL-2 mRNA 
synthesis. IL-4 mRNA expression could not be demonstrated in 
the lymph nodes of either treated or control animals. 

DISCUSSION 

The pivotal role of TNF-a in the development of arthritis has been 
recognized for some time, and much effort has been focused on 
various means of interfering with the expression of this monokine 
in order to influence the course of arthritis. Previously reported 
results on Rolipram, a selective inhibitor of the cyclic AMP 
specific phosphodiesterase IV (PDE IV), with a documented 
down-regulating effect on TNF-a in vitro, initiated the present 
study. The effect of Rolipram was evaluated in the CIA model in 
the DA rat, a model that resembles RA and typically shows a 
chronic and persistent course of disease. 

A substantial clinical effect on the development of arthritis 
was evident after administration of Rolipram. Also, expression of 
TNF-a and IFN-7 mRNA in regional draining lymph nodes was 
strongly down-regulated. 

In order to distinguish between potentially therapeutic and 
prophylactic properties of Rolipram, the compound was given to 
different groups of animals cither before or after onset of arthritis. 
Onset of arthritis could be delayed as long as treatment with 
Rolipram was continued, indicating a prophylactic potential. 
However, after cessation of drug administration clinical arthritis 
developed comparable to that seen in untreated control groups. 

On the other hand, Rolipram treatment of animals with manifest 
arthritis inhibited further aggravation of the arthritis, and also tended 
to diminish its severity at a phase of disease where untreated control 
animals showed a rapidly progressing disease development. 

We were also able to demonstrate a very strong influence by 
Rolipram on one of the earliest, and probably very important, 
events in the development of arthritis, the strong expression of 
TNF-a and IFN-7 mRNA in regional lymph nodes. This effect on 
cytokine expression correlated well with the observed clinical 



strongly down-regulated by Rolipram, while the expression of IL-2 
was unaffected. The pronounced effect on the expression of IFN-7 
was somewhat unexpected, since earlier in vitro studies indicated a 
more modest impact on this cytokine. 

In comparison with previous studies, especially those showing 
the beneficial effects of treatment with MoAbs against TNF-a in 
both rodent arthritis models [5] and human RA [15], Rolipram in 
the investigated model seems to be at least as efficient. 

The presented data are also in accordance with the findings of 
other groups working in the field of experimental allergic encephalo- 
myelitis (EAE) models. Sommer et al [10] showed that rats treated 
several times a day with subcutaneous injections of Rolipram were 
protected from developing EAE. It was also quite recently demon- 
strated by Genain [16] that monkeys receiving 10 mg/kg of Rolipram 
every other day were protected from development of clinical EAE. 
Interestingly, the Rolipram-treated animals as well as control 
animals were developing circulating antibodies to myelin basic 
protein, but treated animals developed no MRI abnormalities. 
Sekut et al 117] also reported on the anti -inflammatory activity of 
Rolipram in several murine models, among them, the carrageenan- 
induced paw oedema model and the adjuvant arthritis model, where 
administration of Rolipram reduced local inflammation. 

We could not demonstrate that Rolipram had any immunomo- 
dulating properties in this experimental setting. In all experiments, 
serum levels of antibodies against RCII were comparable in treated 
animals and in control groups/Inflammatory arthritis as well as 
other organ-specific autoimmune diseases are believed to be 
mediated by IFN-7-producmg Thl cells. In the reported experi 1 
ments, expression of IFN-7 mRNA was decreased by Rolipram, 
but no IL-4 was produced. The findings thus indicate that the 
major effect of Rolipram is exerted in the effector phase of the 
inflammatory process. 

Also, the observation that arthritis regains aggressiveness after 
cessation of Rolipram treatment indicates that in order to achieve 
an immunomodulating effect, or a permanent down-regulation of the 
arthritis, Rolipram treatment must be combined with a tolerance- or 
anergy-inducing regime. 

In conclusion, the results demonstrate strong preventive as well 
as therapeutic effects of Rolipram in a model for arthritis that is 
very similar to human R A with respect to cytokine regulation, and ' 
suggest that Rolipram has its major effects in the effector stage of 
the arthritogenic response. 
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Increased cyclic AMP-phosphodiesterase activity in 
peripheral blood leukocytes is associated with the 
immune and inflammatory hyperreactivity that char- 
acterizes atopic dermatitis. Atopic phosphodiesterase 
has high sensitivity to a variety of enzyme inhibitors, 
suggesting an increased therapeutic advantage* The 
objective of this study was to use in vitro assays to 
identify a potent phosphodiesterase inhibitor and 
then to investigate its effectiveness in treating atopic 
dermatitis. 

Leukocyte enzyme activity was measured by ra- 
dio enzyme assay, whereas prostaglandin E 2 and in- 
terleukins 10 (IL-10) and 4 (EL-4) were measured in 
24-h culture supcrnatants of mononuclear leukocytes 
by immunoassays. The effect of a topical phosphodi- 
esterase inhibitor on atopic dermatitis lcsional skin 
was assessed by double-blind, paired comparisons of 
active drug and placebo ointments applied to sym- 
metrically involved sites over a 28-d period. 



Using in vitro assays, we demonstrated the ability of 
selective high-potency phosphodiesterase inhibitors 
to reduce prostaglandin E 2 , IL-10, and IL-4 produc- 
tion in atopic mononuclear leukocyte cultures. We 
selected the Type 4 phosphodiesterase inhibitor, 
CP80,633, based on its inhibitory potency, for clinical 
testing by topical, bilateral paired comparisons in 20 
patients with atopic dermatitis and demonstrated 
significant reductions of all inflammatory parame- 
ters. 

Phosphodiesterase inhibitors modulate several 
pathways contributing to the exaggerated immune 
and inflammatory responses, which characterize 
atopic dermatitis. This in vivo demonstration of anti- 
inflammatory efficacy may provide a useful alterna- 
tive to the over-reliance on corticosteroid therapy in 
atopic disease. Key words: PDE/IL-4/IL- 101 monocytes. 
J Invest Dermatol 107:51-56, 1996 



Cyclic nucleotide phosphodiesterases comprise a fam- 
ily of isoenzymes that hydrolyze the 3',5'-cyclic 
nucleotides to 5 '-nucleotide monophosphates 
(Bcavo, 1988). We have been particularly inter- 
ested in cAMP phosphodiesterase (PDE), because of 
die increased cAMP hydrolytic activity in leukocytes from patients 
with atopic dermatitis (AD), asthma, and allergic rhinitis (Grewe et 
al, 1982). These diseases represent a symptom complex character- 
ized by immunologic hyper-reactivity and by inappropriate inflam- 
matory cell infiltration into skin and respiratory tissues. The * 
abnormal PDE activity correlates with leukocyte functional defects 
including basophil histamine hyper-releasibility (Butler ct al, 1983) 
and increased B-lymphocytc IgE production (Cooper et ah 1985), 
both of which are normalized by in vitro incubation with the PDE 
inhibitor (PDE-i), Ro 20-1724, 
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Phosphodiesterases have in recent years been classified into seven 
families (Types I— VII or, by genome terminology, PDE 1.-7) accord- 
ing to a number of characteristics including sensitivity to inhibitors 
(Beavo, 1990). In previous studies, we found evidence that the 
more active PDE4 in atopic leukocytes had increased sensitivity to 
inhibition by Ro 20-1724 and other agents (Giustina ci ah 1984; 
Chan and Hanifm, 1993). compared to PDE in normal leukocytes. 
We have utilized this technique to assay the potency of PDE4 
inhibitors, comparing effects on PDE activity in atopic and normal 
mononuclear leukocytes (MNl) (Chan and Hanifm, 1993). In this 
study, we conducted an in t/i>rfl survey of several compounds shown 
to be potent PDE4 inhibitors. Among these, we found that two 
enantiomers, CP80,633 (Cohan ct al 1995) and CP102,995, and the 
racemate, CP76,593, had the highest potency in comparison to 
other agents. Consistent with past studies (Giustina et aL 1984; 
Chan and Hanifm, 1993), these compounds showed a greater 
relative specificity for the atopic compared to the normal PDE 
isoenzyme. These techniques appear to provide a relevant fit vitro 
system for predicting the therapeutic efficacy of each new PDE-i in 
the management of AD, asthma, and other inflammatory diseases. 
Focusing on the higher potency inhibitors of PDE, we assayed the 
effectiveness of new compounds on eicosanoid and cytokine pro- 
duction in vitro. We then carried out a double-blind, vehicle- 
controlled, paired-comparison study to assess the safer)' and efficacy 
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of one of the new compounds when applied topically for treatment 
of AD. Our studies demonstrate that these PDE inhibitors modulate 
multiple immune and inflammatory pathways and significantly 
reduce signs and symptoms of atopic inflammation. 

MATERJALS AND METHODS 

IVPMI-1640 medium, Ccy's balanced salt solution, fetal bovine serum 
(FBS), neuraminidase. Hanks' balanced salt solution. Hanks* calcium/ 
magnesium-free balanced salt solution: Gibco (Grand Island, NY). 5'- 
Nuclcotidase, cAMP, imidazole, and snake venom (5 '-nucleotidase): Sigma 
Chemical Co., St. Louis. MO. Hypaque-Ficoll: Pharmacia, Piscataway, NJ. 
l J h]cAMP (36 Ci/mmol): New England Nuclear, Boston, MA. Ion ex- 
change resin AG 1X2 (200-400 mesh): Bio-Rad, Richmond. CA. "Ready- 
Sol v" scintillation fluid: Bcckman, San Jose. CA. Anti-CD3 (OKT3): Ortho 
Diagnostics, Railway, NJ. Ro 20-1724 was a gift from Hoffmann LaRoche, 
Nutley, NJ. CP76.593 and its resolved enantlomers, CP80.633 (Cohan et ah 
1995) and CP 102,995, were received from Central Research Division, 
Pfizer Inc., Groton, CT. 

Subjects AH subjects gave informed consent approved by the institutional 
Human Research Committee. For leukocyte studies, venous blood was 
drawn at 8:00 a.m., and immediately mixed with heparin (10 units/ml) for 
further processing. Normal, healthy subjects had no personal history of 
asthma, allergic rhinitis, or AD. Patients with active AD were chosen 
according to well-defined criteria (Hanifm and Rajka, 1980) and blood 
donors had moderate to severe disease. Blood donors' ages ranged from 25 
to 52 years (9 males and 1 1 females) for normal subjects and 20 to 50 years 
for AD subjects (10 males and 8 females). Individual experiments were not 
precisely age- and gender-matched, because leukocytes were used in 
various assays on any givcii day. Subjects for the clinical trial had lesions not 
exceeding 20% of total body surface area. No donors had received 
antihistamine or topical corticosteroid therapy for at least 96 h prior to 
study, and none had used systemic adrenergic, PDE inhibitors, or cortico- 
steroid medications for at least 1 mo. No caffeine or odier mcthylxanthine- 
containing beverages were consumed within 14 h prior to leukocyte studies. 

Cell Preparations Blood was separated by Hypaque-Ficoll gradient 
centrifugarion at 400 X o for 30 min, and MNL were harvested from the 
interphase of plasma and Separation fluid (Chan and Hanifm, 1993). The 
cells were washed three times with saline aiid spun at 400, 300, and 250 X 
jf sequentially to eliminate platelet contamination. MNL were harvested and 
counted using a Coulter counter. Differential-lymphocyte and -monocyte 
quantitations utilized Gicmsa and acid uaphthyl acetate esterase stains and 
latex bead phagocytic ingestion. These quantitations were monitored in all 
preparations and showed no differences between AD and normal subjects in 
terms of percentages of monocytes and lymphocytes. MNL were either 
freeze-thawed three times in an acetone-dry ice bath, and the homoge nates 
were stored at — 80°C until assayed for homogenate PDE activity, or 
cultured as described below. To obtain monocytes, MNL at 4 X 10'' 
cells/ml were allowed to adhere in a 16- X 100-mm petri dish for at least 
2 h at 37°C in RPMI-1640 + 10% FBS. The nonadherent cells were 
decanted and washed three times with warm GeyV balanced salt solution. 
The adherent monocytes were recovered by scraping with a sterile rubber 
policeman. The MNL compositions, determined by Stat Stain (Volu-Sol; 
Logos Scientific, Henderson, NV), contained 10-40% monocytes, 60-70% 
lymphocytes, :£2% polymorphonuclear leukocytes, and <5% platelets. The 
nonadherent, cells were typically 2:95% CD3 + lymphocytes. Cell viability, 
monitored by trypan blue exclusion test, was always >98%. Monocyte 
purity in the adherent cell preparations, confirmed by acid uaphthyl acetate 
esterase and Factor XIII immunoperoxida.se staining, was 2:95%. 

For PGE 2 production, monocytes (2 X lOVml) were incubated in 
RPMI-1 640/10% FBS. For IL-4 production, MNL (2 X lOVml) were 
incubated in RPMI-1 640/10% FUS with 10 ng/ml anti-CD3 (Chan ct ah 
1993). After 24 h, supernatants were harvested by pelleting cells at 700 X 

PDE Inhibition/Assay Homogenized leukocyte preparations were kept 
at 4°C, and various PDE inhibitors were immediately added. All inhibitors 
were dissolved in 50%. ethanol at a concentration of 10~ 2 M, then further 
diluted in Gey's balanced salt solution to appropriate concentrations. For the 
determination of IC 5V , 10~ H to I0~ 4 M final concentrations of inhibitors or 
control buffer were used. The mixtures were then incubated at 37°C for 60 
min. PDE activities were determined in the presence of the inhibitors or in 
control buffers in all experiments. Ro 20-1724 was used as a reference 
compound for comparison of inhibitor effects in all studies. Maximum 
inhibition for each compound was determined by curve-fitting with a 



'computer, program, and the concentration giving 50% of maximum inhibi- 
tion was recorded as IC Su . 

PDE was assayed using a modified method of Thompson ct al (1979). The 
incubation mixture (0.4 ml) contained 1 jxM cAMP, 200,000 cpm of 
j *H JcAMP, and 0.2 ml of sample (10 7 cells/ml) or standard PDE in 40 mM 
Tris-CJ buffer (pH 8.0) containing 3.75 mM /3-mercaproethanol and 15 mM 
MgCL. After incubation at 30°C for 10 min, the reaction was terminated by 
snap-freezing in ethanol-dry ice bath and the mixture was then boiled for t 
min. Purified 5 '-nucleotidase was added to the mixtures, which were then 
further incubated for 10 min at 30 U C and then transferred to Pasteur pipette 
columns containing ion exchange resin AG 1X2 to remove the remaining 
nucleotides and nucleosides. The radioactivity in the eluates was quantitated 
in scintillation fluid. Enzyme activity was expressed as picomolcs of cAMP 
hydrolyzed per jxg of protein. Protein concentration was determined by an 
assay using Bio-Rad protein dye. A standard PDE from bovine heart was 
used to monitor consistency and recovery in each assav (Chan and Hanifm, 
1993). 

Immunoassays Prostaglandin E 2 (PGE 2 ) was assayed by radioimmuno- 
assay as previously described (Chan ct ah 1993). using culture supernatants 
containing 0.05 mM indomcthacm as blank. PGE 2 antisera were produced 
in rabbits according to the method ofjaffe and Uehrman (1974). PGE 2 was 
conjugated to porcine thyroglobulin by the mixed anhydride method before 
immunization of the rabbits. At a dilution of 1:6000, the PGE 2 antiserum 
had a sensitivity of 10 pg/OJ ml of sample and the following cross- 
reactivities at B/B„ 50% were: PGD 2 , 0.8%; PGF 2 , r , 1%,: PGF,„, 0.3%: 
PGE t , 9.3%; 6-keto-PGF,„. 2.2%; and 6-keto-PGE 2 . 2%, as previously 
reported (Geissler ct ah 1989). 

Quantitati ve determination of human IL-4 was performed using enzyme- 
linked immunosorbent assay (EL1SA) kits (R & r D Systems, Minneapolis, 
MN) with modification to increase sensitivity (Li et ah 1993). The practical 
sensitivity of the assay was 5 pg/ml. In order to measure below 5 pg/ml, the 
ELISA procedure was modified, according to manufacturer's instructions, 
by extending the color development time at low concentrations from 15 to 
45 min to generate a linear scale between 0 and 5 pg/ml. A human 1L-10 
ELISA kit was also used to determine IL-10 concentrations. The lower limit 
of detection was 7.8 pg/ml for undiluted monocyte culture supernatants. 
PDE inhibitors did not interfere with the IL-10 standard curves. 

Topical Therapy Twenty patients with AD (12 males and 8 females) 
aged 18 to 50 years were enrolled in the study to determine efficacy of 
topical CP80,633 ointment for treatment of skin inflammation. Exclusions 
included females with chiklbearing potential, pregnant or nursing women, 
and patients who required any medication that might: interact with or 
obscure treatment effects including the use of oral theophylline derivatives, 
oral, parenteral, or topically applied corticosteroids, and Hi or H2 antihis- 
tamines. Patients had to be in good health with normal laboratory param- 
eters and electrocardiograms. 

The study design was a right/left paired-comparison study to compare the 
efficacy of topically applied CP80.633 (0.5%) ointment twice daily for 28 d 
with its petrolatum vehicle on 200-cm 2 lesional areas. Active drug and 
vehicle were assigned by side in a randomized, double-blind fashion. 
Patients were selected for the presence of symmetrically involved anatom- 
ical sites on the right and left sides excluding the hands, feet, and face. 
Grading each of three inflammatory parameters |(i) erythema; (ii) indura- 
rion/papulation; (iii) excoriation] utilized a scale from 0 to 3 (I = mild, 2 = 
moderate, 3 — severe, with half steps) and baseline scores were required to 
be at least 6 of the possible 9 for the total clinical score. The subjective itch 
score was likewise graded on a scale of 0—3. After physical examination, 
blood chemistries (alkaline phosphatase, alanine and aspartate aminotrans- 
ferase (ALT ;md AST), Na'*\ K + , CP, glucose, uric acid, blood urea 
nitrogen, creatinine, and total bilirubin], urinalysis and hematology (com- 
plete blood count with differential) were obtained from venous blood. 
Study drug was applied twice daily for 28 d of treatment. Overall efficacy 
assessments were made at days 3, 7. 14. 21 . and 28 to grade improvement 
or worsening of inflammatory signs, determined by comparing to baseline 
scores the specific parameters and the total clinical score. Repeat laboratory 
evaluations were performed at days 7, 14, and 28 or at the time of early 
discontinuation. Electrocardiogram was repeated at the end of study. 

Statistical Analysis For in vitro studies comparing IC sn values of PDE 
and IL-4 production in cultures. Student's t test was used, whereas 
Mann-Whitney nonparametric analysis was used in comparing effects of 
PDE inhibitors on PGE. and IL-10 production. For clinical studies, individ- 
ual parameter scores and the sum of scores were compared for active and 
placebo-treated sites. The score at each time point was subtracted from the 
baseline score and this change was analyzed using two-sided t tests. 
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Tabic I. Comparison of 50% Inhibition Concentrations 

(IC So ) Against Phosphodiesterase Activity in 
Homogenates of Mononuclear Leukocytes from Patients 
with Atopic Dermatitis (AO) and from Normal Subjects" 



Ph osp h o di esterase 
Inhibitors 



IC 5U (u.M. mean t SEM) 



AD (n)* 



Nonnal (n) 



Values' 



Pentoxyfyllinc 


1.76 




0.26 (4) 


3.58 


± 1.22 (3) 


0.045 


Rolipram 


0.86 


± 


0.22 (7) 


1.13 


± 1 .86 (7) 


0.037 


Theophylline 


27. U 




12.43 (7) 


87.92 


± 19.68 (9) 


0.027 


Ro 20-1724 


0.17 




0.08 (8) 


2.9 


± 0.55 (8) 


0.0076 


CP76,593 


0.32 




0.12 (11) 


4.43 


± 1.60 (5) 


0.00176 


CPS0.633 


0.015 




0.O03 (10) 




ND 




CP 102,995 


0.88 




0.007 (8) 




NO 





" Ficoll-Hypaque gradient-separated peripheral blood mononuclear leukocytes were 
homogenized and incubated with final concentrations of each inhibitor ranged from 
10~ tt to 10~ 4 M to dcternme their IC SM for the inhibition of PDE activity. 

b (n) = no. of donors; ND — not done. 

' p values were determined by Student's t test comparing IC S41 between nonnal and 
AD. 
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employing a level of significance (p < 0.05) to test the alternative 
hypothesis that the mean paired difference is not equal to zero. 

RESULTS 

Greater Type 4 Inhibition of Atopic PDE Our first objective 
was to compare potencies of newer Type 4 inhibitors with presently 
available agents on PDE activity in MNL homogenates. We initially 
determined mean 1C 50 values of PDE inhibition in MNL homoge- 
nates by the racemic mixtures CP76,593, for both nonnal and AD 
groups (Table I), and compared these mean IC 5 „ values from AD 
and normal groups with those of pentoxyfylline, rolipram, theoph- 
ylline, and Ro 20-1724. Results showed that CP76,593, which was 
slightly less potent than Ro 20-1724, was more active against the 
AD isozyme than the other inhibitors. Each of these compounds 
had less potency against the nonnal isozyme, consistent with our 
previous Endings (Giustina a n7, 1984; Chan and Hanifin, 1993). 

We then compared pure enantiomers (-J-) CP80,633 and (— ) 
CP102,995, with (±) CP76,593 and found that CP80,633 was 21- 
and 59-foid mcire inhibitory than either CP76,593 (p < 0.01) or 
CP1 02,995 (p = 0.008), respectively, against the PDE in MNL 
from patients with AD (Table I). CP80,633 was also significantly 
more active than Ro 20-1724 (p < 0.001). Because the focus of our 
studies was AD inflammation, pure enantiomers were not tested on 
normal cells. 

PDE Inhibitors Reduce Atopic Monocyte PGE 2 and IL-10 
Production We recently reported increased spontaneous PGE 2 
(Chan (.7. (\L 1993) and IL-10 (Ohmen ct aL 1995) production by 
cultured monocytes from patients with AD. We found that these 
increases corresponded with elevated PDE activity and hypothesize 
that this results in inadequate cAMP modulation of monocyte 
function (Chan ct <il 1993). To evaluate the effect of PDE 
inhibitors, PGE 2 levels were measured by radioimmunoassay in 
24-h culture supematants from monocytes treated with CP80,633 
(0.1 /xM) or Ro 20-1724 (1 /xM), comparing AD and normal 
preparations. The concentrations of the inhibitors used were chosen 
for their respective maximal effects, as determined by dose-re- 
sponse curves. Untreated control cultures confirmed previous 
findings of markedly elevated mean PGE 2 levels in AD preparations 
(562 ± 107 versus 89 ± 27 for normals, mean ± SEM p = 0.0036; 
Fig 1). Both CP80.633 and Ro 20-1724 caused significant reduc- 
tions in PGE 2 supernatant levels in AD compared to the untreated 
control culture (n = 4-8). Ro 20-1724 did not affect PGE 2 
production in normal cell cultures. This was consistent with the 
reduced enzyme inhibition in normal cells (Tabic I) and with 
previous findings of increased inhibitor sensitivity of atopic PDE 
(Giustina ct a/. 1984; Chan and Hanifin, 1993). The PGE 2 changes 



Figure 1. Prostaglandin E 2 levels, in monocyte culture supema- 
tants. Prostaglandin E;, (PGE.) levels (pg/ml, mean ± SEM) in unstimu- 
lated culture supematants from atopic dermatitis (AD) and normal mono- 
cytes cultured for 24 h with media alone (□), Ro 20-1724 (1 u-M. H), or 
CP80,G33 (0.1 /xM. ■: not done in normals). *p = 0.004. fp < 0.001. 



in Ro 20-1724 and CP80,633-treated AD cell cultures were 
significant (p < 0.001 and < 0.001, respectively) by Mann- 
Whitney. 

We also compared Ro 20-1724 and CP80,633 inhibition of AD 
monocyte IL-10 production in a dose-response experiment (Fig 2). 
The concentration of CP80,633 required for 50% iiihibition of 
IL-10 (IC SU ) was 2.2 nM, indicating a 1000-fold greater potency 
than Ro 20-1724 (IC 5W = 2.5 /LtM) in reducing production of this 
cytokine (p < 0.001, by Mann-Whitney test). Initial experiments 
using the usual 10 ~ 7 M CP80,633 concentration showed 94% and 
100%) inhibition of spontaneous I L-10 production in normal (n = 2) 
and AD (n = 4) monocyte cultures, respectively. Mean spontane- 
ous I L-10 production in these studies by nonnal monocytes was 578 
± 118 pg/ml (n = 2) and 1962 ± 276 pg/ml (n = 5) by AD 
monocytes. 



100% -i 



75%- 



* 50%- 



25% 




Inhibitor Concentration (nM) 

Figure 2. Dose effect of PDE inhibitors on monocyte IL-10 pro- 
duction. Dose-related inhibition of spontaneous atopic monocyte IL-10 
production by Ro 20-1724 (O) and CP80,633 (■). Spontaneous IL-10 
production for this donor was 2330 pg/tui. 
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Table II. PDE Inhibitor Effects on IL-4 Production 4 ' 



6-1 





AD (n) 


p value'' 


Normal (n) 


p value'' 


Control 


42.6 t 6.7 (8) 




17.6 ± 1.9 (6) 




+ Ro 20-1724 


5.2 ± 2.1 (6) 


0.003 


14.2 ± 1.6 (6) 


NS* 


+ CP8Q,633 


2.4 £ 2,5 (3) 


0.036 


21.9 ± 4 ,6 (3) 


NS 



* Mononuclear leukocytes were cultured for 24 h with ami-CD3 (10 tig/nil) - Ro 
20-1724 (I fiM) or CP80,633 (0.1 /xM). Supernatant IL-4 levels were measured by 
BLI5A and expressed ;js pg/ml menu ± SBM. 

h p value comparing inhibitor effect to controls.. 
NS - not significant;. 



Reduced IL-4 Production We previously noted an inverse 
relationship between elevated PDE activity and reduced interfer- 
on-? (IFN-y) levels in atopic MNL (Chan et at, 1993) and reasoned 
that increased IL-4 production might likewise relate to abnormal 
PDE activity. We assessed the effect of PDE inhibitors on IL-4 
production determined by ELISA from supernatants of anti-CD3- 
stimulated AD and normal 24-h MNL cultures, with and without 
PDE inhibitors. As can be seen in Table II, both Ro 20-1724 (1 
juM) and CP80.633 (0.1 juM) caused 8- and 18-fold reductions, 
respectively, in AD supernatant concentrations. These inhibitors 
had no effect on normal IL-4 supernatant levels. 

Topical CP80»633 as an Anti-Inflammatory Agent Based on 
its demonstrated PDE inhibitory potency, CP8 0,633 was selected 
for clinical testing. Twenty patients with AD were enrolled in a 
clinical trial to assess the efficacy and safety of CP80.633. Symmet- 
rical, moderately involved areas of up to 200 cm 2 on each of the 
right and left sides were selected for assessment of active versus 
placebo therapy. The baseline mean total scores at bilateral sites 
were comparable (5.20 ± 0.22 versus 5.33 ± 0.19, p - 0.27). 
Efficacy evaluations were recorded at days 3, 7, 14, 21, and 28 
during therapy. Inflammation was quantitated by the same observer . 
grading erythema, indura don/papula tion, and excoriation on a 
scale from 0 to 3 (none, mild, moderate, or severe). Baseline scores 
compared with those at day 28 showed significant improvement on 
sites receiving CP80,633 with mean reductions in erythema (p — 
0.004), induration (p < 0.001), and excoriations (p = 0.046), the 
latter serving as an objective indicator of pruritus. Patients were also 
asked to estimate the level of itching at each visit, and their 
subjective responses likewise showed significant improvement on 
active compared to placebo-treated sites (p = 0.002). The response 
to active drug was consistent among the subjects, with an improve- 
ment in total clinical score observed in 16 of 20 CP80,633~treatcd 
sites (Fig 3), graded at the last assessment, compared to only three 
of 20 placebo-treated sites (mean ± SD 1.40 ~ 1.76 and —0.65 ± 
1.48, respectively; p < 0.001). 

Figure 4 shows the mean change from baseline of the total 
clinical scores (erythema 4- induration + excoriation) of active and 
placebo-treated sites over the course of the study. Mean baseline 
scores were similar for vehicle and CP80,633-treatcd sites. Signif- 
icantly reduced inflammation was evident as early as day 3 and 
continued throughout the therapy phase for actively treated sites, 
which demonstrated significantly greater improvement than pla- 
cebo sites at each time point. Because we had previously detected 
in vitro evidence of tachyphylaxis among asthmatic patients treated 
with theophylline long-term (Giustina et «/, 1984) we were inter- 
ested in whether this might occur with topical CP80,633 therapy; 
however, improvement continued throughout the 4-\vk course of 
treatment with active drug. 

Adverse events indistinguishable from manifestations of AD 
(itching, burning, folliculitis) were noted as single events on nine 
placebo- and nine vehicle-treated sites, and 16 of these 18 obser- 
vations were bilateral. In two instances, folliculitis was noted on the 
active drug-treated site and in two other patients, bilateral follicu- 
litis was noted. These events are typical of AID (Wanifm and Rajka, 
1980) and the occurrence of folliculitis in 5.3% of active site 
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Figure 3. Clinical effect of topical PDE inhibitor, CP80.633. Clin- 
ical effect (change in mean total score of clinical parameters) of topical 
phosphodiesterase inhibitor, CP80.633, on bilateral atopic dermatitis le- 
sions. Each point represents the difference between total clinical score at 
baseline and the score at the last observed assessment. 



observations was not significantly greater than the 2.6% frequency 
on vehicle-treated sites. There were no drop-outs for adverse 
events and no clinically relevant laboratory or electrocardiogram 
changes. Eight patients discontinued before the end of the treat- 
ment period, all due to flaring of dermatitis on untreated areas (no 
other therapy was allowed during the course of the trial). In three 
of the eight patients, dermatitis became intolerable on one side, the 
placebo-treated side; in the other five patients, the study was 
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Figure 4. Time-course of change in clinical scores for active versus 
placebo-treated atopic dermatitis lesions. Longitudinal pattern of 
clinical response reflected by mean change (± SEM) from baseline total 
clinical scores of topical CP80.633 (fl) versus placebo-treated atopic derma- 
titis (O) sites. Significant improvement was evident at each time point Q) 
values indicated); n = number of subjects evaluated at each time point 
during therapy (days 3-28). 
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discontinued because of generalized worsening of the untreated 
dermatitis. 

DISCUSSION 

Atopic dermatitis, a chronic inflammatory skin disease, causes 
severe pruritus leading to excoriation and secondary infection. 
Economically, AD creates a considerable health care burden (Lapi- 
dus et dl, 1993), accounting for 1% of pediatric outpatient visits 
(Sampson, 1990) and, because of lifelong cutaneous hyperirritnbil- 
ity, over 80% of occupational skin disease (Shmunes and Keil, 1983; 
Nassif et ah 1994). Therapeutic options for AD, as for allergic 
respiratory disease, are limited and inadequate. Glucocorticoste- 
roids are used almost exclusively, but toxic effects are evident in 
many patients. For some very severe cases, photochemotherapy, 
cyclosporin A, or [FN- 7 are used, but these are high-risk, expen- 
sive, and generally unsatisfactory modalities. Safe, eifective anti- 
inflammatory agents for treatment of AD are perhaps the greatest 
need and challenge in dermatologic disease. 

Altered cyclic nucleotide metabolism in atopic disease was 
predicted previously by Szentivanyi (1968). This led to a scries of 
studies that demonstrated blunting of cAMP responses in leuko- 
cytes of patients with AD. We showed tiiat this defect was caused 
by high cAMP hydrolysis by PDE in atopic leukocytes (Grewe et dl, 
1982; Butler et <?/, 1983), The increased PDE activity was present 
even in cord blood cells of newborns from atopic parents (Heskel 
et a/, 1984), indicating an intrinsic, possibly genetically controlled 
abnormality. We demonstrated that the increased PDE correlated 
with histamine hyper-releasibility and with elevated spontaneous 
IgE production in cultured AD leukocytes, and we showed that 
PDE inhibitors could normalize those functions (Butler et at, 1983; 
Cooper ct al, 1985). 

Other studies demonstrated that the atopic isoenzymes were 
distinctly more sensitive to each PDE-i (Giustina et <//, 1984; Chan 
and Hanifm, 1993), suggesting that these agents have a therapeutic 
advantage in AD. Our studies have focused particularly on blood 
monocytes which have a major proportion of abnormal PDE 
activity. We recently presented evidence that AD monocytes also 
have a considerable immune modulating effect on T cells. IFN-y 
production, which is reduced in MNL cultures, became normal or 
elevated in purified T-cell cultures, indicating a monocyte inhibi- 
tory effect on Type 1 T helper cells (Till) (Chan et aU 1993). This 
led to the demonstration of increased spontaneous production of 
PGE 2 (Chan ct ah 1993) and IL-10 (Ohmen ct aK 1995), both 
known suppressors of IFN-y production by Thl cells. 

These studies strongly suggest that increased PDE activity re- 
duces intracellular cAMP levels that, in turn, allow greater basal 
monocyte secretion of T-cell modulators. Because of the associa- 
tion of increased PDE activity with the elevated PGE 2 and IL-10 
production in AD monocytes, we reasoned that each PDE-i might 
correct these abnormalities. Comparisons in enzyme inhibition 
assays (Table I) showed that a new agent, CP80,633, was 10-fold 
more potent than the standard Type 4 inhibitor, R.o 20-1724. We 
found that CP80,633 had a greater inhibitory effect on PGE, and 
IL-10 production by AD monocytes and on IL-4 production in 
cultures of MNL. We cannot clearly state whether the IL-4 effect 
was indirect, by inhibiting monocyte modulating factors, or oc- 
curred directly on Type 2 T helper (Th2) cells. It could also be a 
combined effect, because we have observed PDE inhibition in 
lymphocytes, though this action occurred with a specific Type III 
inhibitor, nitraquazone (Chan and Hanifm, 1993), and CP80,633 is 
not an inhibitor of Type HI PDE (Cohan et «/, 1995). 

It seems reasonable to consider that abnormal PDE isoenzymes 
underlie many of the immune and inflammatory abnormalities of 
atopic disease. We have demonstrated that inhibition of PDE 
influences a number of cellular and mediator pathways including 
monocyte PG£ 2 and IL-10 synthesis, and IL-4 over-production. 
Because of CP80,63.Vs effects in enzyme and cytokine inhibition 
and other predictive assays (Cohan ct til, 1995). as well as the 
distinctly higher sensitivity of AD enzyme to PDE inhibitors, we 



tested the drug in clinical studies, comparing active 0.5% CP80,633 
with placebo ointment vehicle applied to symmetrical right and left 
lesions in 20 patients with AD. Responses were prompt, showing 
statistically significant improvement within 3 d and maintaining 
throughout the 28-d trial. The drug reduced inflammation in 80% 
(16 of 20) treated sites, as compared to only 3 of 20 placebo sites. 
Importantly, no irritation or other adverse events were observed in 
a disease notoriously subject to irritancy. 

Topical treatment is the preferred method for most patients with 
AD and is an area of great need because of the common involve- 
ment of face and eyelids, thin-skinned areas in which corticoste- 
roids may cause atrophy. Systemic use of PDE inhibitors has been 
limited by side effects, particularly the common nausea and vom- 
iting resulting from use of high-dose theophylline, and a particular 
problem with newer, more potent agents (Torphy and Undem, 
1991); however, this high potency compound, CP80,633, clearly 
reduces atopic inflammation when applied topically on the skin. To 
date, we have noted no evidence of emesis or other side effects with 
topical use, though considerable absorption might be expected if 
large areas of skin were treated. Our saidy suggests that drugs of 
this type may also have potential for treating asthma via the inhalant 
topical route. 

The clinical anti-inflammatory effectiveness by a potent Type 4 
PDE-i applied to the skin confirms predictions from in vino studies. 
This class of drugs, by increasing intracellular cAMP levels and 
reducing cytokine and mediator release, modulates exaggerated 
atopic responses by multiple immune and inflammatory cells. Single 
pathway inhibitors may be inadequate for controlling the many 
facets of inflammatory responses. It is hoped that this in vivo 
demonstration of efficacy will encourage development of useful 
alternatives to replace over-reliance on toxic corticosteroids in 
atopic disease. 
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Two double-blind studies comparing the effectiveness 
of the cyclic nucleo tide-altering agent (4-[3-butoxy-4- 
mcthoxybenzy!|-2-imidazoIidinone) (Ro 20-1724) vs ve- 
hicle have demonstrated that this compound can im- 
prove psoriatic lesions. Although Ro 20-1724 was not as 
effective as intensive occlusive treatment of psoriatic 
lesions with 0.025% triamcinolone acetonide, Ro 20-1724 
had no adverse systemic or cutaneous effects. Ro 20-1724 
and other cyclic nucleotide-altering agents may have 
therapeutic potential in the future treatment of pso- 
riasis. 



Psoriasis is the prototype of several common steroid sensitive 
proliferative skin diseases and afflicts approximately 1 to 2% of 
the population Although the precise role of cyclic nucleo- 
tides in psoriasis remains unclear [2-6], most investigators do 
agree that the epidermal cyclic nucleotide metabolism in pso- 
riatic plaques may be misregulated. 

Recent investigations [7] with the cyclic nucleotide phospho- 
diesterase (PDE) inhibitors papaverine and Ro 20-1724 (4-[3- 
b\ttoxy-4-methoxybenzyl]-2-imidazolidinone) have shown that 
papaverine inhibits both cAMP-PDE and cGMP-PDE, whereas 
Ro 20-1724 selectively inhibits only cAMP-PDE. Furthermore, 
when psoriatic epidermis was incubated with papaverine or Ro 
20-1724, Ro 20-1724 increased the levels of cAMP significantly 
greater than papaverine incubations. These studies clearly dem- 
onstrated the superiority^of Ro 20-1724 to selectively elevate 
cAMP levels in incubated psoriatic epidermis. 

Since the topical application of 1% papaverine cream pro- 
duces a modest but significant improvement of psoriatic lesions 
[8J, we anticipated that the marked in vitro superiority of Ro 
20-1724 to elevate cyclic AMP levels and its lipophilic character 
would also result in the improvement of psoriatic lesions. There- 
fore, we investigated the clinical effectiveness of Ro 20-1724 in 
3 double- blind clinical studies with psoriatic patients. In these 
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studies, we compared the clinical effectiveness of Ro 20-1724 to 
vehicle and to 0.025% triamcinolone acetonide. 

MATERIALS AND METHODS 

Comparison of 1% Ro 20-1724 Cream and Us Vehicle 

Seventeen outpatients with, typical plaques of psoriasis, who had not 
treated the disease for one week, participated in a double- blind clinical 
study. Two lesions approximately 5 cm in diameter were selected on 
each patient and designated as site 1 and site 2. 

Patients were IS yr of age or older, with no history of significant 
cardiovascular disease. Women chosen were |K>stmenopausat had had 
a hysterectomy or were on oral-contraceptives. Patients being treated 
with insulin or oral hypoglycemics were not accepted to the study. For 
this clinical evaluation the creams were supplied by Hoffman -La Roche, 
Inc., Nutley, New Jersey! The vehicle cream contained: glyceryl mon- 
ostereate, cetyl alcohol, white petrolatum, methylparaben, prophypar- 
a ben, propylene glycol, and purified water. The Ro 20-1724 formulation 
consisted of the same cream with Ro 20-1724 added to a 1% final 
concentration. Each patient received vehicle cream and Ro 20 cream in 
tube containers. One of each pair of tubes had been randomly desig- 
nated for use on site I and the other for use on site 2. Both creams had 
the same color. The code was not broken until completion of the study. 

Patients applied the creams 4 times a day for 4 weeks under occlu- 
sion. The total occlusion was approximately 20 hr per day. Topical 
steroids and systemic medication for psoriasis were not permitted to be 
used concurrently. Clinical laboratory studies were conducted on all 
patients before using the creams and at the first 2 subsequent visits. 
The laboratory parameters obtained included electrolytes, urea nitro- 
gen, total bilirubin, glucose, total protein, albumin, cholesterol, calcium, 
phosphorus, uric acid, creatinine, glutamic oxaloacetic transaminase, 
tactic dehydrogenase, alkaline phosphatase, white blood count, hema- 
tocrit, hemoglobin, red blood count and urine analysis for sugar, ketones 
and proteins. 

Each test lesion was evaluated independently by 2 physicians, 2, 4 
and 6 weeks after the initiation of the study. The final evaluation at 6 
weeks was made following a 2-week period with no application. Im- 
provement was judged by a decrease in lesion thickness, not by a loss 
of scale or change in color. Each lesion was assigned a score of 0 on the 
first day and improvement from the initial status was scored as follows: 
0 as no improvement or worsening, 1 » minimal improvement. 2 - 
moderate improvement (decreased thickness and/or incomplete clear- 
ing), 3 » complete clearing with or without residual redness or change 
in pigmentation. When 2 physicians disagreed in their evaluation, the 
lower score was used for statistical analysis. Scores of 2 and 3 were 
called improved, and scores of 0 and 1 were called unimproved in the 
analysis of the results at either 2, 4 or six weeks of application. 

Patients showing differential improvement., i.e., who had a lesion 
respond to Ro 20 while the matched lesion did not respond to a vehicle, 
or who had a lesion respond to vehicle while the matched lesion did 
not respond to Ho 20, were used for statistical evaluations employing 
a sign test f9). 

Comparison of 3 Ro 20- 1724 Concentrations at the University of 
Miami 

A second study comparing Ro 20 at concentrations of 0.25%, 0.5ft, 
and 1^ vs vehicle cream was conducted at the University of Miami by 
one of us (G.W.) in part: to look for a dose response effect. Nine patients 
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were treated simultaneously with three Ro 20 concentrations and 
vehicle cream in a double- blind psoriasis therapeutic study. Patients 
did not receive any systemic or topical antipsoriatic medications during 
the study. On multiple similar psoriatic plaques, 10 sites were delineated 
approximately 1-W square which were randomly assigned to be treated 
with the different Ro 20 concentrations and vehicle cream. Approxi- 
mately 0.5 ml of each concentration of Ro 20 and vehicle were applied 
in duplicate to the appropriate sites. The remaining 2 sites were 
untreated controls. Creams were applied daily under occlusion for 6 
days, treatment was stopped on the 7th day, then applications were 
resumed for an additional 6 days. AH test applications in the study were 
made by a technician to insure the greatest accuracy in the drug being 
applied each time to the same site. Each site was scored as 0 if there 
was no change from initial status, 1+ if there was minimal improvement, 
and 2+ if there was substantial improvement or clearing. Daily evalu- 
ations were recorded after the treated sites had been washed with water 
and acetone. The final evaluation was made on the 15th day, 2 days 
after the final treatment. 

Comparison of 1% Ho 20-1724 Cream a/id 0.025% Triamcinolone 
Acelonide Cream 

Thirty-three outpatients participated in a third study which com- 
pared the effect of \% Ro 20-1724 vs 0.025% triamcinolone (TMC). The 
patients and psoriatic lesions were selected in the identical manner to 
the first study. The TMC was in a vehicle which contained: sorbic acid, 
potassium sorbate, mono- and diglycerides, squalane, polysorbate 80 
USP, stearyl alcohol USP, polysorbate 60, spermaceti US P. and sorbitol 
solution USP in a water base. This vehicle and that for Ro 20 were 
identical in color and odor. The Ro 20 formulation was identical to that 
used in the first clinical study. The methods of application and evalu- 
ation from the first study were employed (see "Comparison of 1% Ro 
20-1724 Cream and its Vehicle"). 

RESULTS AND DISCUSSION 

Twelve of 17 patients completed the first clinical study. Two 
patients were disqualified because they did not occlude the 
lesions regularly, and 3 requested to be removed because their 
untreated psoriasis was flaring. The clinical laboratory studies 
did not reveal any abnormalities which could be attributed to 
l%Ro 20-1724. 

Table I summarizes the data obtained from the 4th week 
evaluation of those 12 patients. Nine of 12, 75%, of the patients 
improved only with the Ro 20 preparation and 8% (1 of 12) 
improved only with the vehicle. The Ro 20 treated site was 
improved in 9 of 10 patients showing differential improvement 
Cp -.011). 

The results of this study can be compared with the results of 
the previously reported papaverine vs vehicle psoriasis bioassay 
[8]. Utilizing the percent relative difference ± SE [10], the 
proportion of patients expected to improve with 1% Ro 20 or 
1% PAP cream who did not improve with the respective vehicle 
creams can be determined. This comparison shows that Ro 20 
is a much superior agent in treating psoriasis since 73 ± 15% of 
patients would be expected to improve with 1% Ro 20 cream in 
contrast to only 39 ± 12% receiving 1% PAP cream ip = .05). 

Nine psoriasis patients completed the second (University of 
Miami) clinical study. All 54 sites treated with the 3 concentra- 
tions of Ro 20-1724 showed either minimal or substantial im- 
provement (Table II). The placebo preparation had only 4 
minimial responses out of 18 test sites suggesting a definite 

Table 1. Percent of 12 psoriasis patients with matched lesions 
responding to 1% Ro 20-1724 vs vehicle at 4 weeks" 

Percent 

Improved on both Ho 20-1724 and vehicle 0 
Improved on Ro 20- 1 724 only 75* 
Improved on vehicle only 8* 
Unimproved on both _17 

100 

Sign test (one-sided hypot hesis) * p ■ .011 

* Categorized into 4 possible patterns of response (improved on both, 
improved on Ro 20 only, improved on vehicle only, unimproved on 
both) 



therapeutic effect from the Ro 20-1724 preparations (p < .01). 
A dose 'related effect is suggested at the 0.25% concentration, 
however, this concentration may also be too high to demon- 
strate this point. 

Thirty of thirty- three patients completed the third clinical 
study. Two patients were dropped from the study because they 
did not apply the creams regularly and the other patient was 
disqualified because he did not occlude the lesions. None of the 
clinical laboratory studies revealed any abnormalities attribut- 
able to l% Ro 20-1724. 

The results of the second and the fourth week evaluation of 
those 30 patients are summarized in Table III. Every patient 
whose Ro 20-treated lesion improved by the 4 th week also 
improved on TMC. The difference in the time course of im- 
provement for TMC and Ro 20 can be seen in Table IV. Eighty* 
six percent of the patients had improved on TMC at the second 
week and the increase to 94% at the fourth week was not 
significant (p => .25). By contrast, the percentage for Ro in- 
creased from 43 to 77 which is significant (p < .001). Ro 20 and 
TMC appeared to be clinically similar. 

Eight of the nine patients judged completely cleared at the 
4th week on Ro 20 were seen 2 weeks after the applications 
were discontinued. Six of 8 (75%) had begun to relapse. Twenty 
of 23 patients who cleared completely on TMC were evaluated 
after two weeks without application. Eight of these (40%) 
partially relapsed. 

These investigations indicate that Ro 20-1724 is capable of 
improving psoriasis. In 2 double-blind studies comparing Ro 20- 
1724 vs vehicle, Ro 20-1724 significantly improved psoriasis in 
geographically distinct (Michigan and Florida) patient popula- 
tions. Although Ro 20-1724 is not as effective as 0.025% triam- 
cinolone acetonide applied q.i.dl under occlusion, no atrophy, 
striae or other adverse steroid effects would be expected with 
Ro 20- 1724 application. 

The currently available therapeutic modalities to treat pso- 
riasis have inherent limitations that restrict their effectiveness. 
Of those most commonly employed, topical steroids can induce 
atrophy and striae and UVB irradiation with topical coal tar 
usually requires hospitalization. Furthermore, the risk factors 

Table II. Clinical effects by drug concentration of Ro 20-1724 on 
psoriasis' 

Number of test sites at each 
Concentrations of Ho concentration 

20-1724 : : 

\% .5% .25% Placebo 

Response 

2 11 11 8 0 

I 7 7 10 4 

0 0 0 0 14 

" Each of the nine* patients tested in duplicate sites with the prepa- - 
rations above (see text). A possible dose response effect may be present 
at the 0.25% concentration. Response was graded as follows: no im- 
provement - 0, minimal improvement = 1, and moderate or better 
improvement «= 2. 

T a ble I II . Percent of 30 psoriasis pat ien ts with matched lesions 
responding to 1% Ro 20-1724 vs 0.025% triamcinolone categorized 
into the 4 possible patterns of response at. 2 & 4 weeks" 

Percent 



2nd Week 4th Week 

Improved on both Ro 20-1724 43 77 

and Triamcinolone 

Improved on Ro 20-1724 only 0* Of 

Improved on Triamcinolone 43* 17f 

only 

Unimproved on both _U 6 

100 100 

Sign test (one-sided hypothesis) * p < .001 tp a .03 



" Improved on both, improved on Ro 20 only, improved on TMC 
only, unimproved on both. 



Oct 1979 

Table IV. Percent of lesions improved in 30 psoriasis patients on 
.025% triamcinolone and 1% Ro 20-1724 at 2 & 4 weeks 

Percent 



' 2nd Week 4th Week*" 

Triamcinolone- treated 86° 94° 

Ro2CM724-treated 43t 77 t 

Sign test (one-sided hypothesis) * p « .25, | P < -Wl. 

"All lemons improved at 2nd week were also improved at 4 th week. 

of PUVA cannot be objectively assessed at this time. Ro 20- 
1724 and other cyclic nucleotide-altering agents are experimen- 
tal agents that may have future potential in the treatment of 
psoriasis. Such agents may provide topical therapy with a 
minimum of adverse side effects which can be used as alterna- 
tive forms of treatment for patients with psoriasis who are 
unable to use conventional forms of therapy. 
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SUMMARY 

Inhibitors of cyclic nucleotide phosphodiesterases are known to suppress lipopolysaccharide 
(LPS)- induced tumour necrosis factor-alpha (TNF-a) production in vitro in human monocytes. 
The most potent of these have selectivity for type IV PDEs, suggesting that this class of PDE is the 
major type involved in the regulation of human TNF-a production. Using compounds of two 
distinct chemical structural classes, a quinazolincdione (CP-77059) and a 4 arylpyrrolidinone 
(rolipram), we show here that PDE-IV-specific inhibitors are also potent in suppressing LPS- 
induced TNF-a production in vitro in sodium peri odate-elici ted murine macrophages (IC 50 s of 1 
and 33, respectively). We then report the in vivo anti-inflammatory effect of PDE-IV inhibition in 
five murine models of inflammation: (i) elevation of serum TNF-a induced by a sublethal LPS 
injection; (ii) LPS-induced endotoxic shock; (iii) LPS/galactosamine-induced endotoxic shock; (iv) 
carrageenan-induced paw oedema; and (v) adjuvant arthritis. Following a sublethal (5 ug/mouse) 
injection of LPS, serum TNF-a levels in mice peaked sharply, reaching concentrations of 3- 12 ng/ 
ml 90 min after injection. In this sublethal LPS assay, CP-77 059 was about 30 times more potent 
than rolipram, with a minimum effective dose of 0-1 mg/kg versus 3 mg/kg for rolipram. This rank 
order is in keeping with the relative in vitro IC 50 s for CP-77059 and rolipram, as well as their 
relative Ki against the human PDE-IV enzyme (46 niu and 220 n\i, respectively). In LPS-induced 
endotoxic shock, rolipram and CP-77059 at relatively high doses of 30 and lOmg/kg, respectively, 
significantly reduced serum TNF-a levels, and also inhibited mortality 66%. In the LPS/ 
galactosamine shock model, in which mice are rendered exquisitely sensitive to LPS by co- 
injection with galactosamine, only 0-1 /xg of LPS/mouse is necessary for serum TNF-a elevation 
and death. Both rolipram and the CP-77059 caused dose-dependent reduction of serum TNF-a 
and lethality. In the carrageenan-induced paw oedema model, in which there is a pronounced local 
TNF-a response (without a serum TNF-a elevation), rolipram significantly inhibited paw swelling 
as well as localized TNF-a levels in the paw. In the adjuvant arthritis model, a chronic model of 
inflammation also possessing localized TNF-a elevation in the inflamed paw, rolipram and CP- 
77059 suppressed ankle swelling and radiological evidence of joint damage. These data are 
consistent with a major role for PDE-IV in regulation of TNF-a production and inflammatory 
responses in murine systems. It suggests a potential therapeutic use for PDE-IV-spcciflc inhibitors 
in inflammatory disease such as rheumatoid arthritis, septic shock and other inflammatory diseases 
where TNF-a has been postulated to be a contributing factor in the pathology of the disease. 

Keywords arthritis in vivo PDE-IV inhibitors rolipram shock tumour necrosis 
factor- alpha 



INTRODUCTION 

The intracellular concentration of cAMP appears to play a 
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major role in the response of inflammatory ceils to a wide range 
of stimuli [1-4]. This is supported primarily by the similar 
effects on cell function of a variety of cyclic nucleotide-e leva ting 
agents including cAMP analogues such as dbcAMP, agents 
which stimulate adenylate cyclase activity such as prosta- 
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glandin Ei (PGEj), forskolin and /?2-agonists, and cyclic 
nucleotide phosphodiesterase inhibitors which slow the cata- 
bolism of cAMP and cGMP. One of the most striking examples 
is the suppressive effect of these agents on the production of 
tumour necrosis factor-alpha (TNF-a) monocytes and macro- 
phages [5-10]. 

The relatively recent characterization of several PDE iso- 
forms exhibiting differential regulation and tissue expression, 
and the availability of inhibitors selective for some of these 
isoforms, has spurred efforts to develop further PDE isoform- 
seleclive inhibitors as tools for investigating PDE function and 
as potential therapeutics. Based on the effect of prototypic 
PDE-IV selective inhibitors such as rolipram, and molecular 
cloning efforts, PDE-IV is thought to be a major phosphodies- 
terase isoform responsible for catabolism of cAMP and regula- 
tion of inflammatory function in many ceils, including 
monocytes, lymphocytes, mast cells, basophils and neutrophils 
[1-4,11 J. 

Like IL-1/3, TNF-a is a pluripotent cytokine believed to be 
involved in the pathology of a variety of inflammatory diseases 
[12-14]. TNF-a bears many of the activities of IL-1, such as 
induction of bone resorption, activation of collagenase, stimu- 
lation of prostaglandin release and up-regulation of endothelial 
cells [14]. Again like IL-1/3, TNF-a appears to play a key role in 
septic shock models, as demonstrated by Pfeffer etai [15]. 
Presence of localized and systemic TNF-a in acute and chronic 
animal models of inflammation has been shown by Sekut eial. 
[16] and Smith-Oliver etai [17]. 

In the present study, we investigate the effect of PDE- IV- 
selective inhibitors, representing two distinct chemical struc- 
tural classes, on in vitro and in vivo murine TNF-a production, 
and on the inflammatory response in several murine inflamma- 
tion models. 

MATERIALS AND METHODS 

Animals 

Female ' inbred C57B1/6, C3H/hen and C3H/HeJ mice 
(approximately 22 g each) were obtained from Charles River 
Laboratories Inc. (Raleigh, NC). Rats used in the carrageenan 
oedema studies were 250-g male, Lewis rats purchased from 
Charles River Labs. In the adjuvant arthritis model, male Lewis 
rats 160-170 g from Charles River Labs were free of patho- 
genic viruses as determined by a standard viral titre screen 
(Microbiological Associates, Bethesda, MD). 

PDE inhibitors 

The following PDE inhibitors have been previously described 
and were synthesized in house for these studies: PDE-1V- 
specific inhibitors rolipram and CP-77059 [18]; PDE-III- 
specific inhibitor CI-930; PDE-V inhibitor zaprinast (Verghese 
etai, J Pharm Exp Ther, accepted for publication, 1995). 

TNF-a production by murine macrophages 
C3H/HeJ female mice were injected intraperitoneally with 2 ml 
of 5m.M NaI0 4 . Five days later, mice were euthanized and 
peritoneal exudate cells collected into cold PBS. Erythrocytes 
were lysed with ammonium chloride if necessary. Cells were 
plated at 5 x 10 5 cells/well in a 24- well tissue culture plate and 
allowed to adhere for 1-5 h. Non-adherent cells were removed 
and test PDE inhibitors were added in RPMI medium with 1 % 



fetal bovine serum (FBS). Lipopolysaccharide (LPS; Escher- 
ichia coli serotype 0111 :B4; Sigma Chemical Co., St Louis, MO; 
2-5 ng/ml final concentration) was then added and cultures were 
incubated for 24 h at 37 C C. TNF-a protein was quantified in 
the supernatant fluids by a commercial murine TNF-a ELISA 
kit (Genzyme Diagnostics, Cambridge, MA). 

Sublethal LPS injection 

C3H/hen mice received an i.p. injection of 5 £ig LPS in 0*5 ml 
PBS. Mice were bled from the abdominal vein 90 min following 
i.p. injection (n = 4). The blood was allowed to clot overnight 
at 4 C C and then centrifuged for 15 min. Serum TNF-a levels 
were measured by ELISA kit. 

The PDE-IV inhibitors were suspended in a 0-1% methyl 
cellulose solution and ground In a homogenizer (Eberbach) to 
ensure a uniform suspension. A 0-5-ml volume of compound 
was administered to each mouse by oral gavage 30 min before 
i.p. injection of LPS. Mice were fasted overnight before dosing. 

Endotoxic shock models 

Both endotoxic shock models were very similar. They differ 
mainly in the amount of LPS used and the additional inclusion 
of galactosamine. In the shock model with LPS alone, 500 /ig/ 
mouse of LPS were injected intraperitoneally into C3H/hen 
mice. In the LPS/gaiactosamine model of shock, C57/B1 mice 
received an i.p. injection of 0*5 ml of a mixture of LPS (0-1 
mouse) and galactosamine (600mg/kg; Aldrich Chemical Co., 
Milwaukee, WT) as previously described [16]. Compounds were 
administered and serum was obtained and analysed as in the 
sublethal model (n = 4). The survival rate was assessed over a 
24- h period (n - 6). . 

Carrageenan-induced paw oedema in rats 
A 0-1 -ml volume of a 1 % solution of carrageenan was injected 
into the rat hind paw. Animals, previously fasted overnight, 
were dosed orally with compound in 0-1% methyl cellulose 1 h 
before carrageenan injection. Three hours after injection, 
animals were euthanized and paw swelling was measured with 
calipers. Each group contained eight animals. 

For measurement of local TNF-a, paws were removed, 
weighed, snap-frozen in liquid N 2 , pulverized and homogenized 
for 2 min in 10 ml saline at 4°C as previously described [ 1 6]. The 
suspension was centrifuged in a microcentrifuge io remove 
debris, and the supernatant assayed using the TNF-cv ELISA 
kit. 

Adjuvant arthritis in rats 

Rats were injected subcutaneousiy in the base of the tail with 
0-05 ml of Freund's complete adjuvant (FCA) containing 
300 tig of Mycobacterium tuberculosis (Difco Labs, Detroit, 
MI) as described previously [19]. Compounds were suspended 
in a 0-1% solution of methyl cellulose, ground in a homo- 
genizer, and administered by oral gavage once daily in a volume 
of 2 ml. Ankle diameter was measured throughout the time- 
course using calipers. At the end of the experiment, rats were 
euthanized, paws were removed and radiological analysis was 
performed as previously described [20].' Ankles were scored in a 
blinded fashion, and each of the five parameters were evaluated 
on a scale of 0-4. The features given a radiological score were 
(i) bone demoralization, (ii) bone erosion, (iii) periostitis, (iv) 
cartilage space reduction, and (v) soft tissue swelling. Thus the 
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Table 1. In vitro effect of phosphodiesterase inhibitors on lipopolysac- 
charide (LPS)-induced tumour necrosis factor (TNF) production in 
murine peritoneal macrophages 



Per cent inhibition* 



Concentration (jim) CP-77 059 


Rolipram 


CI930 


Zaprinast 


0-00 i 


55 


9 


5 


0 


0-01 


67 


39 


13 


S 


0-1 


77 


63 


28 


5 


1 


82 


77 


20 


7 


10 


85 


81 


49 


25 



•Represents the mean of at least two experiments. 

maximum total score could be 20 [20]. Each group contained 
eight animals. 

Statistical analysis 

Comparison of mean serum TNF inhibition and paw swelling 
was tested between groups using analysis of variance followed 
by Dunnett's test for multiple comparisons. Lethality rates 
were compared using Fisher's exact test. Group comparisons 
where multiple measurements were made on each animal were 
tested using a multivariate analysis of variance with repeated 
measures model. Alpha levels for all tests were set at 5%. 



RESULTS 

TNF-a production by murine macrophages in vitro 
The PDE-IV selective inhibitors rolipram and CP-77 059 were 
potent suppressors of LPS-induced TNF-q production in Na 
periodate-elicitcd mouse peritoneal macrophages, with IC$qS of 
approximately 33 nM and 1 nM, respectively (Table 1). This 
rank order of potency is the same when the respective Ki 
against the human PDE-IV enzyme are calculated; with roli- 
pram possessing a Ki of 220 nM (« = 9) and CP-77 059 exhibit- 
ing a Ki of 46 nM (n = 4; Feldman etaL, accepted for 
publication, J Med Chem, 1995). 

By contrast, the PDE-III-selective inhibitor CI930 [21] was 
weakly active (approximately 10//m), and zaprinast, a PDE-V 
inhibitor [22,23] had little or no effect ( ^ IO/2M). 

Sublethal injection of LPS 

As an extension of studies of TNF-a inhibition in vitro, PDE- 
IV inhibitors were tested in vivo. Mice were injected intraper- 
itoneal^ with 5/^g LPS, a dose calibrated to elevate serum 
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Fig. 3. Structure of the PDE-IV inhibitors, rolipram and CP-77 059. 
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Fig. 2. The effect of PDE-IV inhibitors on serum tumour necrosis 
factor-alpha (TNF-a) levels in mice injected with a sublethal concen- 
tration of Upopolysaccharide (LPS). Fasted female C3H/hen mice were 
injected intraperitoneal^ with 5 LPS. Rolipram (a) or CP-77 059 (b) 
was given orally 30 min before LPS injection (n = 4). Blood was taken 
from the heart 90 min after LPS injection and serum TNF-a levels 
measured using a commercial available EL1SA kit. "Significantly 
different (P < 005) from LPS control using Dunnetf s multiple com- 
parison. S,©, Test 1; CUG, test 2. 

TNF-q levels but not to cause death. Rolipram and CP-77 059 
(Fig. 1) were given orally 30 min before LPS injection. In two 
experiments, rolipram was administered at doses ranging from 
1 to 30 mg/kg (Fig. 2a). Rolipram had a minimum effective dose 
of 3 mg/kg, with maximum inhibition of 92% at 30 mg/kg and 
no effect at 1 mg/kg. Similar testing of CP-77 059 resulted in a 
minimum effective dose of 0-1 mg/kg (Fig. 2b). Thus CP-77 059 
was about 30-fold more potent than rolipram. Background 
levels of serum TNF-a in normal mice were undetectable 
(< 50pg/mi), while serum TNF-a levels in the LPS-injected 
mice ranged from 3 to 12 ng/ml. 

LPS and LPS/ galactosamine- induced endotoxic shock 
Since PDE-IV inhibitors were active in their inhibition of 
low-dose LPS-induced serum TNF-a elevation, these same 
inhibitors were tested in models of endotoxic shock, thought 
to depend upon the presence of TNF-a. In the high-dose LPS 
shock model, serum TNF-a levels were evaluated over time and 
the 24-h mortality rate recorded (Fig. 3). Just as in the sublethal 
model, serum TNF-a levels peaked at 90 min post-injection. At 
high doses (10.-30 mg/kg), CP-77 059 and rolipram reduced 
mortality rate 66% and serum TNF-a level 81-87%. 

In the galactosamine (600 mg/kg) + LPS (0- 1 /zg/ml) model 
of endotoxic shock, galactosamine destroyed liver function so 
that normally non-lethal doses of LPS now caused death. In a 
dose response experiment, rolipram (1,30 and 30 mg/kg) and 
CP-77 059 (1,3 and 10 mg/kg) inhibited serum TNF-a between 
84% and 94% (Fig. 4). Rolipram at the highest dose signifi- 
cantly inhibited mortality rate by 66%, while CP-77 059 at 
doses of 3 and 1 0 mg/kg also significantly inhibited mortality by 
50-66%. However, both drugs failed to Significantly block 
mortality at the lower doses. 

Carrageenan oedema 

Since elevated TNF-a levels have been observed in extracts of 
rat and mouse paws injected with carrageenan [16], rolipram 
was tested for anti-inflammatory activity in this model. At a 
dose of 3, 10 or 30 mg/kg, rolipram significantly inhibited 
carrageenan paw oedema by 21%, 43% and 45%, respectively 
(Fig. 5). It also significantly inhibited TNF-a levels in homo- 
genates from the carrageenan-injecled paws, with approxi- 
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Fig. 3. Effect of PDE-IV inhibitors on serum tumour necrosis factor- 
alpha (TNF-a) levels and the lethality associated with the lipopolysac- 
charidc (LPS) model of endotoxic shock. Fasted female C3H/hen mice 
were injected iniraperitoneally with 500 LPS {n - 22). Four animals 
were bled at each time point. Six animals were observed for 24 h to 
establish mortality rate. For further details see Fig. 2 or Materials and 
Methods. *Significantiy different (P < 0-05) from LPS control using 
Dunnett's multiple comparison. LPS control; rolipram 30 mg/ 
kg; *, CP-77 059 10 mg/kg. 
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Fig. 4. Effect of PDE-TV inhibitors on serum tumour necrosis factor- 
alpha (TNF-a) levels and the lethality associated with the lipopoiysac- 
charide (LPS)/galactosamine model of endotoxic shock. Fasted female 
C57/B1 mice were injected intraperitoneally with 01 y.% LPS and 
600mg/kg galactosamine {n = 10). Four animals were bled 90 min 
after LPS injection. Six animals were observed for 24 h to establish 
mortality rate. For further details see Fig. 2 or Materials and Methods. 
♦Significantly different {P < 0 05) from LPS control using Dunnett's 
multiple comparison. A, CP-77 059 inhibition of lethality; A, CP-77 
059 inhibition of TNF; rolipram, inhibition of lethality; 
rolipram, inhibition of TNF. 
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Fig. 5. Effect of rolipram on carragcenan paw oedema. Fasted male 
Lewis rates were injected in the footpad with 0-1 ml of a 1% solution of 
carrageenan. Rolipram was given orally 1 h before carrageenan 
injection (n » 8). Paw diameter was measured with calipers 3 h after 
carrageenan injection. * Significantly different {P < 0-05) from carra- 
geenan control using Dunnett's multiple comparison. 

mately 75% inhibition at the high dose (30 mg/kg). There was 
no detectable TNF-a in the serum of rats injected in the paw 
with TNF-a, nor was there any TNF-a in normal paw 
homogenates. 

Adjuvant arthritis 

Since PDE-IV inhibitors were successful in reducing serum 
TNF-a levels and soft tissue swelling, these drugs were tested 
in a chronic model of inflammation where TNF-a is also 
thought to play a role in soft tissue swelling [16]. In the 3- 
week adjuvant arthritic rat model, rats were dosed from day 1 
with rolipram and CP-77059 at 0-3, 1 and 3 mg/kg, po (Fig. 6). 
Both drugs inhibited ankle swelling in a dose response fashion. 
Rolipram was significantly inhibitory (32%) at 3 mg/kg, while 
CP-77059 significantly inhibited ankle swelling by 40% and 
42% at 1 and 3 mg/kg, respectively. 

Ankles were also evaluated radiologically using five indivi- 
dually graded parameters (0-4). The features assessed were 
bone demineraiizalion, bone erosion, periostitis, cartilage space 
reduction and soft tissue swelling as previously described [20]. 
As in inhibition of ankle swelling, rolipram and CP-77059 
exhibited a significant and dose-dependent effect on each 
individual parameter. Results depicting the total radiological 
score show that rolipram at 3 mg/kg significantly reduced 
radiological changes by 24%, while CP-77059 at all doses 
significantly reduced radiological changes by 34-62% (Fig. 7). 

In a second experiment, rolipram was dosed in a therapeutic 
fashion, from day 7 to day 14. Under this regimen, rolipram 
again exhibited inhibition of ankle swelling and radiological 
carnage of approximately 60% (data not shown). 

DISCUSSION 

Agents that elevate the concentration of intracellular cAMP 
can inhibit inflammatory eel! activities such as cytokine pro- 
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Fig. 6. Inhibition of ankle swelling in adjuvant arthritic rats treated with 
PDE-TV inhibitors. Male Lewis rats were injected subcutaneously in the 
tail with 0-05 ml Freund's complete adjuvant. Animals were dosed 
orally from day 1 to day 21 with rolipram or CP-77059 (n = 8). 
Measurement of ankle swelling was taken throughout the time course 
using calipers. * Significantly different (P < 0-05) from arthritic control 
using Dunnett's multiple comparison. A, Normal; A, arthritic; B, 
rolipram (3 mg/kg); #, rolipram (1 mg/kg); rolipram (0-3 mg/kg); 
□, CP-77 059 (3 mg/kg); O, CP-77 059 (1 mg/kg); ♦ , CP-77 059 (0-3 
mg/kg). 



duction, chemotaxis, cytotoxicity and cell aggregation [1]. PDE 
type-IV inhibitors, by virtue of their ability to block phospho- 
diesterase activity in monocytic cells, thus elevating cAMP 
levels, may be a class of compounds from which useful anti- 
inflammatory drugs can be developed [1-4]. 

This study demonstrated the effectiveness of PDE type-IV 
inhibitors in various acute and chronic models of inflammation 
in which TNF-a may have a pathological role. PDE-IV 
inhibitors were potent suppressors of LPS-induced TNF-a 
production in murine macrophages, whereas inhibitors selec- 
tive for PDE-III or -V were much less active. Similar findings 
have been reported for TNF-a production in human mono- 
cytes [5,7], supporting a major role for PDE-TV in the regula- 
tion of both human and murine TNF-a production. 

The in vivo potency of PDE-IV inhibitors was assessed in a 
mouse model, where LPS was injected at a sublethal concen- 
tration to induce appearance of serum TNF-a. The PDE-TV 
inhibitors rolipram and CP-77059 were orally active, dose- 
dependent inhibitors of serum TNF-a levels in this system. 
These PDE-IV inhibitors were tested in endotoxic shock 
models, where serum TNF-a levels as well as mortality rate 
could be measured. In the LPS/galactosamine model of endo- 
toxic shock, rolipram and CP-77059 not only effectively 
reduced serum TNF-a levels, but also showed protective 
effects in a dose-dependent fashion. However, reduction of 
serum TNF-a level did not guarantee complete protection 
against lethality, since animals suffered 100% mortality at 
doses which inhibited serum TNF-a levels over 80%. Since 
shock is accompanied by a potentially lethal fall in blood 
pressure, we considered the possibility that the hypotensive 
properties of the PDE-IV inhibitors were responsible for the 
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Fig. 7. Radiological score of adjuvant anhritic rats treated with PDE- 
IV inhibitors. Total radiological score was based on five parameters 
each scored from 0 (normal) to 4 (severe changes) as previously 
described [15]. Thus a maximum total score could be 20. For further 
details see Fig. 6 or Materials and Methods. * Significantly different 
(P < 0-05) from arthritic control using Dunnett's multiple comparison. 



difference in the relatively high protective dose versus the much 
lower TNF inhibitory dose. However, we have observed that 
non-hypotensive compounds such as glucocorticoids also man- 
ifested this discrepancy between the dose needed to protect 
against lethal shock and the dose needed to inhibit serum TNF 
levels. In addition, the PDE-IV inhibitors are active at high 
doses, where the hypotensive side-effects are most pronounced. 
If their haemodynamic profile contributed to their poor 
potency in the LPS lethality assay, then one would have 
predicted that the compounds would be active at the low 
dose (where TNF inhibition was high and hypotensive effect 
low) and inactive at the high dose (where the TNF inhibition 
would be countered by the pronounced hypotensive effect). 
While the haemodynamic effects of PDE-IV inhibitors may 
contribute to this lack of correlation between survival rate and 
reduction of serum TNF-a level, it is also possible that the 
difference may be due to the greater relevance- of localized 
elevation of TNF-a in target tissues such as the lung, liver and 
paw as opposed to systemic levels in the blood [16]. Alterna- 
tively it may also be due in part to the pro-inflammatory 
activity of cytokines not affected by PDE-IV inhibitors. 

Since we have previously demonstrated that elevation of 
TNF-a occurred in the paw but not in the serum of rats injected 
with carrageenan [16], we tested rolipram for its anti-inflam- 
matory activity in this model of localized TNF-a elevation. 
Rolipram and CP-77059 have previously been shown to 
suppress carrageenan paw oedema [18]. We have confirmed 
and extended that observation here by showing that rolipram 
significantly inhibited paw inflammation as well as local TNF-a 
production. It cannot be ruled out that the anti-oedema action 
of these agents may in part be the result of their induction of 
systemic hypotension. However, because of their profound 
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effect on neutrophils in vitro [21 ,22], it is likely that a substantial 
component of the anti-inflammatory activity seen in the 
carrageenan oedema model is due to inhibition of neutrophil 
activity in vivo. 

Encouraged by the activity of these prototypic PDE type-IV 
inhibitors in models of acute inflammation, we next evaluated 
the compounds in a chronic model of inflammation. The rat 
adjuvant arthritis model mimics many aspects of human 
rheumatoid arthritis, including elevated levels of TNF-a in 
the arthritic joint [17,24]. In this model, rolipram and CP- 
77059 not only reduced tissue oedema but also inhibited 
radiological changes in the bone. In a previous paper we 
compared ankle swelling and joint TNF-a levels in arthritic 
rats treated with non-steroidal anti-inflammatory drugs or 
immunosuppressive compounds [17]. It will also be important 
to address the relationship between joint protection and joint 
TNF-u levels in arthritic rats treated with PDE-IV inhibitors. 

The most suitable candidates of PDE inhibitors for evalua- 
tion in the clinic should possess the following properties: high 
specificity to a selected PDE-IV isozyme, high potency, low 
toxicity and good oral absorption. The recognition of multiple 
isoforms [1 1 ,25] and a non-random tissue distribution of PDE- 
IV [1-4,26] suggest the potential to develop more specific and 
less toxic PDE-IV inhibitors. Synergism of PDE inhibitors and 
ffl -agonists should be evaluated. In the sublethal LPS model of 
serum TNF-a measurement, we have observed some mild 
synergistic effect between salmeterol and rolipram (unpub- 
lished data). 

In conclusion, we have shown that PDE-IV inhibitors, in 
addition to being potent suppressors of TNF-a production, are 
also good anti-inflammatory agents in several models of acute 
and chronic inflammation. It is conceivable that the reported 
activities of these compounds are due to unknown reactivities, 
but the finding that compounds of two different chemical 
structural classes have similar activities supports the notion 
that PDE-IV inhibition is relevant. Ft should be emphasized 
that while the suppressive effect on TNF-a production is one of 
the most potent, consistent and complete inhibitory effects 
known for PDE inhibitors in relation to inflammatory cell 
function, the extent to which this contributes to anti-inflam- 
matory activity in each of these models will not be clear until 
the role of TNF-a in vivo is better defined. For example, PDE- 
IV inhibition has been shown to have suppressive effects on 
several other potentially pro-inflammatory cellular activities, 
including IL-1/3 [7] and LTB4 [27] production by monocytes, 
neutrophil respiratory burst [28], histamine and LTB4 release 
from basophils [29], histamine and LTC4 from mast cells [27] 
and T lymphocyte blastogenesis [30], In addition, there are 
several examples of cAMP-regulated inflammatory cell func- 
tion which have not been fully explored with respect to PDE 
inhibition. Nevertheless, these data suggest that a specific PDE- 
IV inhibitor has potential therapeutic utility for acute and 
chronic inflammatory disease, and are consistent with the 
hypothesis that TNF-a is an important mediator in inflamma- 
tory disease. 
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Differential modulation of tissue 
function and therapeutic 
potential of selective inhibitors 
of cyclic nucleotide 
phosphodiesterase isoenzymes 

C. David Nicholson, R. A. John Challiss and 
Mohammed Shahid 



Since the discovery of cyclic nucleotide phosphodiesterase 30 years ago, there 
have been major advances in our knowledge of this group of isoenzymes. Five 
families, each composed of several isoforms and having differing tissue 
distributions, have been described. David Nicholson and colleagues compare 
the tissue distribution of phosphodiesterase isoenzymes and discuss the 
differential effects of inhibition of particular isoenzymes, with differing 
subcellular localization, on tissue function. They also review the potential use 
of isoenzyme selective phosphodiesterase inhibitors in a range of clinical 
disorders such as heart failure, asthma, depression and dementia. 



Cyclic nucleotide phosphodiester- 
ases (EC 3.1.4.17) play a key role 
in the metabolism of cAMP and 
cGMP. Many agents modulate 
tissue function via stimulation 
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of adenylyl or guanylyl cyclase 
activity and hence via the eleva- 
tion of cellular levels of cAMP and 
cGMP. Phosphodiesterase activity 
moderates the effect of these agents 
by increasing the rate of break- 
down of these cyclic nucleotides. 
The existence of families of phos- 
phodiesterase isoenzymes is well 
recognized and isoenzyme selec- 
tive inhibitors have been identi- 
fied 1 . A recent TIPS review 2 sum- 
marized our knowledge of the 

©iwi 



structure, regulation and some 
aspects of the localization of phos- 
phodiesterase isoenzymes; it also 
proposed a nomenclature for the 
identified isoenzyme families. 
This review further compares the 
tissue distribution of phospho- 
diesterase isoenzymes, describes 
how selective inhibitors can dif- 
ferentially modulate both cellular 
cyclic nucleotide levels and tissue 
function and discusses the clinical 
potential of phosphodiesterase 
isoenzyme selective inhibitors. 

Comparative tissue distribution 

The nomenclature used for 
the phosphodiesterase isoenzymes, 
their most salient regulatory 
characteristics and substrate speci- 
ficities, as well as the pharmaco- 
logical profile of representative 
isoenzyme selective inhibitors, is 
summarized in Table I. A chro- 
matographic elution profile illus- 
trating the phosphodiesterase 
isoenzymes in cardiac muscle is 
shown in Fig. 1. Although early 
studies were performed with low- 
resolution techniques, sufficient 
data are now available to illustrate 
clear tissue differences in phos- 
phodiesterase isoenzyme distri- 
bution. For example, PDE I, PDE III 
and PDE IV represent more than 
90% of the total cAMP phospho- 
diesterase activity in brain, plate- 
let and kidney cells, respectively 1 ' 2 . 
Table II summarizes results from 
recent studies that included appro- 
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TABLE I. Cyclic nucleotide phosphodiesterase isoenzymes 

Isoenzyme 
family* 



Alternative Isoenzyme selective 
Regulatory characteristics* classification* Inhibitors* 



Additional activities 



Functional effects of 
inhibitors 



III 



Dependent upon Ca 2+ and 
calmodulin, isoforms isolated 
both within and between 
tissues with differing K m 
values for cAMP and cGMP 8 -* 

The cAMP hydrolytic activity 
is stimulated by cGMP; high 
K m forcAMPand cGMP*' 

Hydrolytic activity for cAMP 
inhibited by cGMP; low Km for 
cAMP and for cGMP*^ 



|e.k-o p|b 

IC* PUP, F2 h -< 



vinpocetine*-'' 



adenosine uptake 
inhibition" 5 



IV 



No known regulator; low K m 
only for cAJvlP^*-* 



Considerable evidence for 
different isoforms with high 
and low K m values for cGMP; 
evidence for G protein control 
of fight-sensitive isoform 1 ^ 



j|ce.k.I/>.q 


selective inhibitors 


PII b 


not reported 


|||c,a.k-« 


milrinone , ' m ' ( > 


IV", F3 h -\ 


piroximone* 


PIV* PIIIp 


pimobendan m 




cilostamide r 




SK&F94120^p 




RS82856 1 




imazodan k ^ 




Org30029 ! 




ICI118233 U 




zardaverine v 




EMD54622" 




lndolidan x 




enoxtmone* 


|Vc.e,O f p||p 


rolipram 8 




RO20-1724 c - e - f 




EMD54622" 




denbufylline* 1 
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Ca 2+ sensitization** 5 



modulation of central 
function", vascular smooth 
muscle relaxation* 1 -* 



unknown 



positive inotropism m , 
vascular* and airways 
smooth muscle relaxation* 



inhibitionP, stimulation of 



airway smooth muscle 
relaxation 0 , inhibition of 
inflammatory mediator 
release*, modulation of 
central function 1 *, gastric 
acid secretion 11 



platelet aggregation 
inhibition 



adenosine uptake 
inhibition™ 



•Isoenzymes are grouped in families as suggested in Ref. 2 (main reference list). 

t Cyclic nucleotide isoenzymes have been classified according to a number of different schemes, many based on the order of elution from 
~ chromatography columns. Because tissue isoenzyme distribution and separation conditions vary, the order of elution varies between 

laboratories. The table compares the nomenclature used for isoenzymes with the same regulatory characteristics between laboratories. 

P, peak; F, fraction. 

♦Nonselective inhibitors include the aikylxanthines 2-isobutyM -methyl xanthine (IBMX), theophylline, caffeine, and pentoxifylline and 
papaverine. 

"Kincaid, R. L. et al (1984) J. Biol Chem. 259, 5158-51 66; b Nicholson, C. D. etal. (1989) Br. J. Pharmacol 97, 889-897; Torphy, T. X (1988) in 
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J. H. (1 985) Proc. Natl Acad Sa\ USA 82, 2603-2607; "Reeves, M. L et al. (1987) Biochem. J. 241, 535-541 ; 'Beavo, J. (1988) in Advances in 
Second Messenger and Phosphoprotein Research (Vol. 22) (Greengard, P. and Robison, G. A., eds), pp. 1-38, Raven Press; sYamamoto, T. 
et al. (1984) Biochemistry 23, 670-675; h Hidaka, H. and Endo, T. (1984) in Advances in Cyclic Nucleotide and Protein Phosphorylation 
Research (Vol. 16) (Strada, S. J. and Thompson, W. J., eds), pp. 245-259, Raven Press; r Ahn, H. S. et al (1989) Biochem. Pharmacol 38, 
3331-3339; JStryer, L. eta!. (1981) in Current Topics in Membranes and Transport (Miller, H., ed.), pp. 93-108, Academic Press; 'Weishaar, 
R. E. etal (1985) JL Med. Chem. 28, 537-545; Silver, P. J. etai. (1988) Eur. J. Pharmacol 140, 85-94; "Brunkhorst, D. etal. (1989) Naunyn 
Schmiedeberg's Arch. Pharmacol 339, 575-583; "Komas, N. et al. (1989) J. Cardiovasc. Pharmacol 14, 213-220; °Appleman, M. M. et al. 
(1984) in Advances in Cyclic Nucleotide and Protein Phosphorylation Research (Vol. 16) (Strada, S. J. and Thompson, W. J., eds), p. vi, Raven 
Press; PSimpson, A. W. M. etal (1988) Biochem. Pharmacol 37, 2315-2320; "Weishaar, R. E. etal (1984) Biochem. Pharmacol 35, 787-800; 
^Elks, M. L and Manganiello, V. C. (1984) Endocrinology 15, 1262-1268; "Alvarez, R. etal (1986) Mol Pharmacol 29, 554-560; «Shahid, M, 
etal (1989) Br. J. Pharmacol 96, 186P; u Pyne, N. J. etai. (1987) Biochem. J. 24, 897-901 ; v Galvan, M. etal (1990) Naunyn-Schmiedebergs 
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236-244; ^Parsons, W. J. et al (1988) Mol Pharmacol 33. 441-448; *Van-Meel. J. C. (1987) Arzneim.-Forsch. Drug Res. 37, 67^-687; 
"Wilier, D. J. and Steele, D. S. (1990) Br. J. Pharmacol 100, 843-849; "Schnieder, H. H. etal (1986) Eur. J. Pharmacol 127, 105-115; 
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priate tests to distinguish phos- 
phodiesterase isoenzymes (see 
Table II for Refs). Other tissues of 
note, not listed in Table II, are 
retina and adrenal cortex whose 
cells contain almost exclusively 
PDE V and PDE U, respectively. 
Preliminary studies have also 
shown that a variety of inflam- 



matory cells contain high levels of 
PDE fV activity, but current in- 
formation on other phosphodi- 
esterase isoenzymes in these cells 
is lacking. 

There are also tissue-specific 
differences in isoforms within 
one phosphodiesterase isoenzyme 
family. This point is illustrated by 



the different substrate specificities 
of PDE I found in liver, brain and 
fat cells (high affinity for cGMP, 
low affinity for cAMP) when com- 
pared to that found in the heart 
and kidney (high affinity for both 
cAMP and cGMP). Both brain and 
testicular tissue contain multiple 
forms of PDE I, while liver, kidney, 



PDE f • PDE II PDE IV PDE IN 




Fraction no. 



Fig. 1 . Typical separation profile of cyclic nucleotide phosphodiesterase (PDE) activities 
from rat cardiac ventricle. Supernatant from cardiac homogenates was applied to O- 
Sepharose Fast Row columns and activities eluted with a linear gradient of sodium 
acetate in buffer. The eluate was collected in 7 mi fractions and assayed for cAMP 
hydrolytic activity. Fractions were assayed with 1 fit* cAMP (•), 1 /z/w cAMP in. the 
presence of Ca 2 ^ /calmodulin (m) and 1 ftu cAMP in the presence of cGMP (V). Four 
distinct PDE isoenzymes are clearly distinguishable. (From Ref. 31 .) 



skeletal muscle and airways smooth 
muscle cells all contain more than 
one PDE IV isoform. The PDE IV 
subtypes found in both liver and 
kidney show 5-15-fold differences 
in their sensitivity to the selective 
inhibitors rolipram and Ro20-1724 
(Refs 3, 4). Whether these subtypes 
are distinct isoenzymes, differently 
charged isomers or proteolytic by- 
products of one enzyme awaits 
clarification. 

A novel IBMX-insensitive and 
Mg 2+ -ihdependent, cAMP-specific 
phosphodiesterase in liver cells 3 , 
which does not easily fit into the 
present classification, has also been 
described. A major difficulty in 
analysing tissue differences in 
phosphodiesterase isoenzyme dis- 
tributions is the fact that major 
species differences are also ap- 
parent; further analysis of phos- 
phodiesterase isoenzyme profiles 
in human tissue is clearly required 
to aid drug development. 

Subcellular distribution of 
phosphodiesterase isoenzymes 

It is likely that the intracellular 
distribution of phosphodiesterase 
isoenzymes is an important factor 
in determining their regulatory 
role. In the majority of early 
studies examining phosphodi- 
esterase isoenzyme subcellular 
distribution, isoenzymes were 
separated from the supernatant 
fraction of homogenized tissue 
using techniques (e.g. hypotonic 
buffers, lack of protease inhibitors, 
sonication, presence of detergents, 
vigorous homogenization) that 
may have displaced membrane- 
bound phosphodiesterase; hence 
both cytosolic and particulate iso- 
enzymes may have been measured. 
More recent experiments have 
used more appropriate extraction 
methods {see Table II). In general, 
there are very marked differences 
in the relative phosphodiesterase 
activity levels of particulate and 
cytosolic fractions in different 
tissues; cardiac, liver and fat 
cells contain high (50-70%) levels 
of membrane-bound phospho- 
diesterase activity, whereas in 
smooth muscle, kidney and plate- 
let cells, most (80-90%) of the 
phosphodiesterase activity is 
present in the cytosolic fraction. 

A variety of organelles possess 
phosphodiesterase activity; how- 
ever, the functional relevance of 
the occurrence of phosphodiester- 
ase activity in some organelles 



(e.g. mitochondria, nucleus, myo- 
fibrils) remains obscure. 

Regulation of cyclic nucleotide 
levels 

Characterization of tissue- 
specific phosphodiesterase iso- 
enzymes is insufficient to predict 
the effects of selective phosphodi- 
esterase inhibition in intact tissue 
preparations. A crucial step in 
such investigations is the de- 
termination of the relative im- 
portance of the phosphodiesterase 
isoenzymes for cyclic nucleotide 
hydrolysis; as yet, however, there 
is still relatively little definitive 
information. 

The first experiments to explore 
the role of phosphodiesterase iso- 
enzymes in the regulation of cyclic 
nucleotide hydrolytic rates in in- 
tact tissues were performed in 
vascular smooth muscles 5 - 6 . In 
these studies, the ability of various 
phosphodiesterase inhibitors to 
potentiate sodium nitroprusside- 
and isoprenaline-induced relax- 
ation of vascular tissue was in- 
vestigated, and the importance of 
PDE I and PDE V in cGMP 
hydrolysis, and of PDE III in cAMP 
hydrolysis, was established. 

More studies have focused on 
the role of PDE III in the regulation 
of cAMP hydrolysis in airways 7 ' 8 , 
vascular smooth muscle 9 and myo- 



cardial tissue 10 " 12 . In vascular 
smooth muscle there is an excellent 
correlation between relaxation of 
5-HT-induced contractions and 
elevation of cyclic nucleotides 9 . In 
cardiac muscle, the demonstration 
of correlation between the cAMP 
elevation induced by PDE III in- 
hibition and inotropic responses 
has been equivocal 11 (this is the 
case for inotropy mediated either 
via p-adrenoceptor stimulation or 
inhibition of cyclic nucleotide 
hydrolysis). It is now generally 
accepted that PDE III inhibitors do 
produce positive inotropy through 
cAMP-dependent mechanisms 11 
and this apparent discrepancy may . 
be explained in terms of compart- 
mentation of cAMP and/or cAMP- 
dependent protein kinase. Micro- 
compartmentation of the com- 
ponents of the cAMP signal trans- 
duction pathway is well established. 
cAMP-elevating agents vary in 
their ability to activate cAMP- 
dependent protein kinase in per- 
fused heart preparations 13 , and it 
is possible that elevation of cAMP 
(e.g. via phosphodiesterase inhi- 
bition) in a particular cellular 
compartment is necessary for the 
induction of this response. Detailed 
studies in cerebral cortex 14 slices 
have shown that selective inhibi- 
tors of PDE IV cause elevation of 
cAMP concentration and poten- 
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TABLE II. Tissue distribution and intracellular localization of cyclic nucleotide phosphodiesterase isoenzymes 
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* A, Hypotonic buffer, polytron homogenization; B, isotonic buffer, polytron homogenization; C t hypotonic buffer. Potter-Elvehjem/Dounce homogeniz 
ation; D, isotonic buffer, Potter-Elvehjem/Dounce homogenization. 

tSR, sarcoplasmic reticulum; ER, endoplasmic reticulum; SL, sarcolemma; PM, plasma membrane; mito, mitochondria. 

* Detergent solubilized, other particulate characterizations solely based on regulatory characteristics of a possible mixture of isoenzymes and should bi 
regarded as preliminary. 

§ PDE lll/IV characterization incomplete. 

'Preliminary report/classification based on selective inhibitor potency. 

-Reeves, M. L et a/. (1987) Biochem. J. 241, 535-541 ; b Hidaka, H. et at. (1977) Biochim. Biophys. Acta ABA, 398-407; 'Masuoka. H. era/. (1990 
J. Cardiovasc. Pharmacol 15, 302-307; d Kithas, P. A. et al (1989) J. Moi Cell. Cardiol. 21, 507-517; "Shahid, M. and Nicholson, C. D. Naunyn 
Schmiedeberg's Arch. Pharmacol, (in press); 'Shahid, M. era/. (1990) J. Pharm. Pharmacol. 42, 283-284; oKithas, P. A. et at. (1988) Ore. Res. 62 
782-789; h Klockow, M. and Jonas, R. (1989) Naunyn-Schmiedebergs Arch. Pharmacol. 339, R53; l Weishaar, R. E. etal. (1987) J. Moi Celt. Cardio* 
19, 1025-1036; iKomas, N. et ai (1989) J. Cardiovasc. Pharmacol. 14, 213-220; k Kauffmann, R. F. et at. (1986) Moi Pharmacol 30, 609-615 



tiation of the cAMP-elevating 
actions of (3-adrenoceptor agonists. 
Kinetic analysis clearly demon- 
strates that despite only represent- 
ing a small proportion of total 
hydrolytic activity, PDE IV plays a 
crucial role in regulating the rate of 
cAMP hydrolysis in this tissue 
(Fig. 2). 

Studies of the relative roles of 
different isoenzymes in cyclic 
nucleotide regulation, and the 
determination of the importance 
of receptor-mediated control of 
hydrolytic activity, have recently 
been simplified by several ad- 
vances in methodology (see Box). 

Selective inhibitors of 
phosphodiesterase isoenzymes 

Since the initial discovery of the 
ability of methylxanthines to in- 



hibit phosphodiesterase activity, 
considerable advances have been 
made in increasing our under- 
standing of the structural require- 
ments of phosphodiesterase in- 
hibitors. The use of theophylline 
and caffeine as tools to examine 
the functional significance of 
phosphodiesterase inhibition is 
limited by their other pharmaco- 
logical activities, including adeno- 
sine receptor antagonism 15 and an 
ability to inhibit the guanine 
nucleotide-binding protein Q y 
(Ref. 16). Alkylxanthines have now 
been synthesized that, in contrast 
to theophylline, caffeine and IBMX, 
selectively inhibit particular 
phosphodiesterase isoenzymes 
(e.g. denbufylline and 1 -methyl -2- 
isobutyl-8-methoxyethyl xanthine; 
Table I), but a complete elucidation 



of their pharmacological profiles 
is required before they can con- 
fidently be used to examine the 
functional aspects of isoenzyme 
selective inhibition. 

The most extensively examined 
phosphodiesterase isoenzyme is 
PDE III. Inhibitors of this iso- 
enzyme have some structural 
similarity to the natural substrate, 
cAMP. Computational medicinal 
chemistry has allowed a template 
for generating further PDE III 
inhibitors to be proposed 17 . Al- 
though many selective inhibitors 
for PDE III have been developed, 
their absolute specificity varies 
(Table I). Many experiments in 
which the functional activity of 
PDE III inhibitors has been ex- 
amined have used nonselective 
concentrations; many of these 
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compounds, like other isoenzyme- 
selective inhibitors, have ad- 
ditional activities at higher con- 
centrations that may also contrib- 
ute to their pharmacological 
effects. 

Compounds with some selec- 
tivity for PDE I, PDE IV and PDE V 
have also been reported (Table I). 
A systematic study of alkyl- 
xanthines has revealed the struc- 
tural requirements around the 
xanthine nucleus for compounds 
with apparent selectivity for PDE 
I 18 . However, many of these com- 
pounds are 8-substituted xanthines 
and thus may also have affinity for 
adenosine receptors 19 . Addition- 
ally, recent studies have demon- 
strated that PDE V often co-elutes 
with PDE I from chromatographic 
columns 1 . It is possible therefore 



that, in many studies in which 
PDE I activity has reportedly been 
assayed, a mixture of PDE I and 
PDE V was actually examined. 
Consequently, the absolute speci- 
ficity of PDE I selective inhibitors 
such as l-methyl-2-isobutyl-8- 
methoxyethyl xanthine requires 
confirmation. Structure-activity re- 
lationships for PDE IV and PDE V 
inhibitors have yet to be reported 
while selective inhibitors for PDE 
II have not been identified. 

Modulation of tissue function by 
isoenzyme inhibitors 

Functional effects of selective 
inhibitors have also been used to 
assess the relative importance of 
different isoenzymes on cyclic 
nucleotide hydrolysis. However, 
many of these experiments have 



been performed using isolated 
tissue preparations where basal 
turnover rates of cyclic nucleotides 
are low and high concentrations of 
phosphodiesterase inhibitors are 
consequently necessary to elevate 
cyclic nucleotide levels and to 
produce a change in tissue func- 
tion. In vivo, cyclic nucleotide 
turnover rates are enhanced and 
phosphodiesterase inhibitors con- 
sequently have much greater 
effects on tissue cyclic nucleotide 
levels. 

PDE III and PDE IV inhibitors 

Although both PDE HI and PDE 
IV have high activity and affinity 
for cAMP, and hence may be 
expected to function over approxi- 
mately the same range of substrate 
concentrations, their effects on 
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Pig. 2. The effect of PDE inhibitors on the rate of cAMP hydrolysis in rat cerebral cortex 
slices. Experiments were performed as described in Ret 14. Cerebral cortex slices 
were incubated for 30 min with the PDE inhibitor before addition ofisoprenatine (10 pM); 
20 mm later timolol (20\im) was added to displace isoprenaline from ail fi- 
adrenoceptors. The rate of cAMP hydrolysis was then followed with time. Selective 
inhibitors of PDE IV (Ro20-1724 and rolipram), but not inhibitors of the PDE V 
(M&B22948, zaprinast) or PDE III (SK&F94120), effectively slowed cAMP hydrolysis 
rates. (Modified from Ref. 12.) 



tissue function differ. For example, 
inhibitors of PDE III, but not PDE 
IV, are positive inotropic agents in 
most mammals 10 . It has been sug- 
gested that PDE m inhibitors act 
by inhibiting a particulate pool of 
PDE III 10 ' 12 . However, experimen- 
tal evidence suggests that ino- 
tropic responses may not be solely 
due to inhibition of particulate 
phosphodiesterase 20 . Rather it 
may be due to inhibition of a 
sufficient proportion of phospho- 
diesterase isoenzymes capable of 
hydrolysing cAMP. In rat cardiac 
muscle, the particulate phospho- 
diesterase is PDE TV 21 and neither 
selective inhibitors of PDE III nor 
PDE IV increases force of contrac- 
tion when given alone, but they do 
increase contractility when ad- 
rniriistered in combination (Fig. 3). 
In rabbit heart muscle, in which a 
significant proportion of PDE III is 
membrane bound, PDE III in- 
hibitors do increase contractility 
when administered alone 20 . How- 
ever, simultaneous inhibition of 
PDE IV potentiates the inotropic 
activity of PDE III inhibitors 20 . 
Perhaps inhibition of a sufficient 
proportion of total phospho- 
diesterase activity in a relevant 
intracellular locale is generally im- 
portant for the modulation of cell 
function. This proposal is sup- 



ported by work with guinea-pig 
trachea. In this tissue, combined 
PDE III and PDE IV inhibition 
produces more effective inhibition 
of total cAMP hydrolytic activity 
and greater tracheal relaxation 
than selective inhibition of either 
isoenzyme alone 7 . Species dif- 
ferences in the ability of PDE HI 
and PDE IV inhibitors to modulate 
tissue function are not confined to 
cardiac muscle. In bovine tracheal 
preparations PDE IV, but not PDE 
HI, selective inhibitors are effec- 
tive relaxants 8 , while in guinea-pig 
tracheaiis, both PDE III and PDE 
IV inhibitors attenuate contrac- 
tions 7 . This is consistent with the 
presence of appreciable PDE in 
and PDE IV activity in guinea- 
pig tracheaiis 7 and the lack of 
marked PDE III activity in bovine 
tracheaiis 8 . 

Selective inhibitors of PDE III 
elicit other pharmacological effects, 
including relaxation of vascular 
smooth muscle 9 , inhibition of 
platelet aggregation 22 and stimu- 
lation of lipolysis 23 . Despite the 
fact that PDE IV is present in 
smooth muscle cells (Table II), 
selective inhibitors of PDE IV have 
not been demonstrated to have 
marked vasodilator potential. Ad- 
ditionally, PDE IV inhibitors are 
weak platelet aggregation inhibi- 



tors 24 and lipolytic agents 23 ^. Al- 
though PDE III is often considered 
as a high -affinity or low K m cAMP 
phosphodiesterase, unlike PDE IV 
it also hydrolyses cGMP with high 
affinity. This action may be im- 
portant in the regulation of vascu- 
lar smooth muscle tone 9 . Hence, 
the functional effects of PDE III 
inhibition, but not PDE IV in- 
hibition, may be mediated via 
elevation of both cellular cGMP 
and cAMP levels. 

It is established that phospho- 
diesterase inhibitors attenuate 
the release of inflammatory me- 
diators from human lung tissue 25 . 
Preliminary data indicate that PDE 
IV predominates in inflammatory 
cells; selective inhibitors of this 
isoenzyme, in contrast to PDE 

III inhibitors, effectively inhibit 
the release of inflammatory me- 
diators 26 . This suggests that PDE 

IV inhibitors have not only bron- 
chodilating activity, but also anti- 
inflammatory activity, an import- 
ant consideration in asthma (see 
below). 

Inhibitors of PDE IV produce 
centrally mediated and character- 
istic alterations in animal be- 
haviour 27 and improve the per- 
formance of animals in certain 
paradigms of cognition 28 . The PDE 
IV selective inhibitor denbufylline 
enhances the excitability of hippo- 
campal neurons 29 , providing a 
functional basis for this cognition- 
enhancing activity. In the hippo- 
campus, noradrenaline produces 
a (3-adrenoceptor-mediated en- 
hancement of excitatory responses 
to glutamate 30 , a neurotransmitter 
intimately involved in learning 
and memory. The mechanism of 
action of PDE IV inhibitors on 
neuronal excitability and cognition 
may thus involve cAMP-mediated 
enhancement of responses to 
glutamate. The lack of an identi- 
fiable presence of PDE III in 
cerebral cortical tissue 31 and the 
absence of reports indicating cen- 
tral activity suggests that inhibitors 
of this enzyme do not modulate 
brain function. 

Other functional effects select- 
ively associated with PDE IV in- 
hibitors include increased gastric 
acid secretion 32 , enhanced con- 
tractility of ischaemic fast twitch 
skeletal muscle 33 and relaxation of 
the myometrium 34 . PDE IV is also 
believed to play a regulatory role in 
diuresis in the kidney 4 and in 
glycogenolysis in the liver 3 . 
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PDE I, PDE II, PDE V inhibitors 

Much less effort has been ex- 
pended in synthesizing selective 
inhibitors of PDE I, PDE II and 
PDE V and hence less is known 
about the functional consequences 
of selective inhibition of these 
isoenzymes. However, it is recog- 
nized that inhibitors of PDE V are 
potent inhibitors of platelet aggre- 
gation, but are weak cardiac ino- 
tropic agents and poor vascular 
relaxants 22 . By contrast, selective 
inhibitors of PDE I. are effective 
vascular relaxants, but poor plate- 
let anti-aggregatory agents 22 . The 
difference in activity profile may 
reflect the absolute or relative 



differences in importance of PDE I 
and PDE V on cGMP hydrolysis in 
platelets and vascular smooth 
muscle. Inhibitors of PDE I also 
enhance cognition in animals 28 , 
indicating that such compounds 
may modulate some aspects of 
cerebral cortical function. Zaprin- 
ast, which inhibits PDE V at low 
concentrations and PDE I at higher 
concentrations, is both a broncho- 
dilator and an inhibitor of hista- 
mine release from mast cells 35 . It is 
not known whether PDE I or PDE 
V is responsible for these effects. 
However, given the role of mast 
cells in inflammatory conditions, 
this activity may indicate anti- 



inflammatory activity for this type 
of compound. Selective inhibitors 
of PDE II have not yet been 
identified. 

Clinical potential 

The ubiquitous nature of cAMP 
and cGMP and their role in con- 
trolling tissue function makes 
phosphodiesterase inhibition an 
obvious target for drug develop- 
ment. However, in many cases 
selective inhibitors have been syn- 
thesized serendipitously within 
disease-oriented programmes, 
rather than as a result of targeted 
chemical synthesis. Nevertheless, 
phosphodiesterase isoenzyme in- 
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tfg. 3. 777© e/fecf of rolipram and milrinone on the tension developed by electrically 
stimulated papillary muscles removed from rat right cardiac ventricles. Complete 
cumulative concentration-response curves were constructed for both rolipram 
(1-100 fiAt) and milrinone (1-100 \im), the mechanograms were obtained from two 
different preparations and the results shown are those obtained with the lowest and 
highest concentration only. Following the completion of the milrinone concentration- 
response curve, rolipram was added to the organ bath without washing. Neither 
rolipram nor milrinone increased contractility when administered alone; however, in the 
presence of milrinone, rolipram effectively increased developed tension. This indicates 
that dual inhibition otPDEs IV and Vmore effectively increases cardiac contractility than 
selective inhibition of either isoenzymes. (From Ref. 20.) 



hibitors are now being considered 
for development in several clinical 
disorders. 

Congestive heart failure 

The balanced therapy of heart 
failure involves supporting cardiac 
contractility, reducing cardiac load 
and improving blood flow to 
organs such as the kidney and 
skeletal muscles. Because of their 
vasodilator and inotropic activities, 
PDE III inhibitors are undergoing 
evaluation as drugs for the treat- 
ment of congestive heart failure 36 . 
Although useful for the acute 
treatment of the disorder, phos- 
phodiesterase inhibitors have 
arrhythmogenic potential and it 
remains to be proven that they 
reduce mortality when given 
chronically. Dual inhibition of 
both PDE m and PDE IV produces 
greater inotropic activity than 
selective inhibition of either iso- 
enzyme. Thus, dual inhibitors of 
both low K m cAMP phospho- 
diesterase isoenzymes may be more 
effective cardiotonics than select- 
ive PDE HI inhibitors. However, 
compounds with ancillary proper- 
ties such as Ca 2+ sensitization (e.g. 
pimobendan and Org30029; see 
Table I) and antiarrhythmic ac- 
tivity may prove even more useful 
agents for the treatment of heart 
failure. A 12-week, double-blind, 
placebo-controlled study with 



OPC8212, a PDE HI inhibitor that 
also slows the rate of closure of Na + 
channels 37 , has suggested that this 
agent may improve prognosis in 
patients with mild heart failure 38 . 
Of 38 placebo-treated patients, two 
died and another six were with- 
drawn because of deterioration of 
heart failure. Of 45 OPC8212- 
treated patients, only one was 
withdrawn because of increased 
congestive symptoms. After 12 
weeks of treatment, the OPC8212- 
treated patients had increased 
ejection fractions and reduced sys- 
tolic blood pressure, heart rate was 
not increased and the patients 
had an increased sense of well- 
being. The clarification of whether 
PDE m inhibitors with ancillary 
properties are therapeutically 
more useful drugs than selective 
PDE III inhibitors is an important 
area of future clinical research. 

Asthma 

Asthma is an inflammatory con- 
dition characterized by invasion of 
the airways by inflammatory cells, 
bronchoconstriction, microvascu- 
lar leakage, mucus hypersecretion 
and bronchial hyperresponsive- 
ness 39 . Drug therapy can be aimed 
either at inhibiting the underlying 
inflammatory reaction or at at- 
tenuating the resultant narrowing 
of the airways. Theophylline has 
long been widely used for the 



therapy of asthma. Although the 
precise mechanism of action of this 
agent remains to be determined, 
evidence has again been presented 
indicating that phosphodiesterase 
inhibition may be significant at 
clinically relevant concentrations, 
and hence may be responsible for 
the anti-inflammatory 40 as well as 
the bronchodilator effects of theo- 
phylline 41 . Their ability to relax 
airways smooth muscle suggests 
that inhibitors of PDE III, PDE IV 
and possibly both PDE I and PDE 
V may be useful in the acute relief 
of asthmatic attacks. The anti- 
inflammatory activity of PDE IV 
inhibitors makes these agents 
especially attractive as candidates 
for use in asthma prophylaxis, 
while the ability of inhibitors of 
PDE V to attenuate histamine 
release from mast cells may also be 
advantageous. Platelets also play a 
role in asthmatic attacks 39 and 
because PDE m inhibitors, but not 
PDE IV inhibitors, inhibit platelet 
aggregation, dual inhibitors of 
PDE III and PDE IV may prove to 
be therapeutically more powerful 
than selective inhibitors of either 
isoenzyme. However, the possi- 
bility of unwanted side-effects 
may also be greater with a dual 
PDE Ill/rV inhibitor. In particular, 
the cardiovascular effects of PDE 
III and PDE IH7IV inhibitors may 
be a barrier to the systemic use of 
such agents in asthma therapy. 

Antagonists targeted against 
single mediators are unlikely to be 
universally effective drugs in the 
treatment of asthma, as a diverse 
range of cell types and chemical 
mediators are involved in the 
pathology of the disease. Agents 
that functionally antagonize 
the bronchoconstriction, airways 
hyperreactivity and inflammatory 
processes at sites distal to extra- 
cellular receptors may be the most 
effective therapeutic agents. 
Hence, PDE IV, dual PDE HT/IV 
and PDE V inhibitors are poten- 
tially interesting agents worthy of 
clinical evaluation in asthmatics. 
Many of the side-effects of theo- 
phylline therapy such as nausea 
and headache may be due to PDE 
inhibition. Whether these can be 
avoided in isoenzyme selective 
inhibitors remains to be explored. 

Central disorders 

Inhibitors of PDE IV have mood- 
elevating properties. For example, 
rolipram has been reported to 



possess anti-depressant proper- 
ties 42 . In addition the PDE IV 
inhibitor, denbufylline, is being 
evaluated for the treatment of 
senile dementia 28 . Like asthma, 
primary senile dementia is of 
multifactorial aetiology which 
complicates rational therapy. 
Symptoms can either be caused 
by vascular occlusion in multi- 
infarct dementia, or by neuronal 
degeneration in senile dementia of 
the Alzheimer type. In the latter 
case, the symptoms are unlikely to 
be due to selective degeneration of 
a particular neuronal system 43 . 
Although cholinergic and gluta- 
matergic degeneration may be 
responsible for the cognitive de- 
cline, dysfunction in noradren- 
ergic or 5-HT-containing neurons 
contributes to the non-cognitive 
changes in behaviour 43 . Conse- 
quently, PDE IV and possibly PDE 
I inhibitors, which may elevate 
both mood and cognition, could 
prove to be useful agents for the 
treatment of milder forms or the 
early stages of dementia. 

Arterial thrombosis and 
hypertension 

Inhibitors of PDE V have poten- 
tial for the treatment of arterial 
thrombosis. Ideally, such anti- 
thrombotics should inhibit plate- 
let aggregation without causing 
relaxation of vascular smooth muscle. 
The latter activity may cause redistri- 
bution of blood away from already 
underperfused tissue in ischaemic 
vascular conditions. Inhibitors of 
both PDE V and PDE m inhibit 
platelet aggregation 22 , but unlike in- 
hibitors of PDE IE, compounds in- 
hibiting PDE V are relatively poor 
vasodilators 22 . Because of their 
vasodilating activity, inhibitors of 
PDE III and PDE I may have 
potential in the management of 
hypertension. However, selectivity 
of action may be a major barrier to 
the use of these agents in the 
therapy of this disorder and an 
advantage of these agents in com- 
parison to the presently utilized 
vasodilators is not yet apparent 

Finally, other possible clinical 
uses of phosphodiesterase inhibi- 
tors include the management of 
intermittent claudication (alkyl- 
xanthines are currently used in this 
disorder), preterm labour (phos- 
phodiesterase inhibitors block 
uterine contraction) and psoriasis. 
Cyclic nucleotide metabolism is 
disturbed in psoriatic skin and 



phosphodiesterase inhibitors have 
shown some clinical efficacy in 
psoriasis 44 . , 
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EMD54622: (5-(l-(3,4-dimethoxybenzoyl)- 
4,4-di-methyl-l,2,3,4-tetxahydrocmnolin- 
6-yl)-6-methy^3,6-&hydn^-l,3,4~thiadia- 
zin-2-one) 

ICI118233: N-[4-(l,6-dihydro-6-oxo-3- 
pyridazinyl)phenyl]-N-methyl-urea 
ICI63197: 2-amino-6-methyl-4-propyl- 
[l,2,4]triazoloIl^-«]pyrimidin-5(4H)-one 
LY186126: 1,3-dihydro- 1,3,3- trimethyl-S- 
flAS^-tetrahydro^-methyl^-oxo-S- 
pyridazinyl)-2H-indol-2-one 
MY5445: N-(3-chIorophenyl)-4-phenyl-l- 
phthalazinamine 

M&B22948: l,4-dihydro-5-(2-propoxy- 

phenyl)-7H-l,2,3-triazolo[4,5-d]pyri- 

midin-7-one 

OPC8212:l-(3,4-dimethoxybenzoyI)-4- 
(l,2,3,4-tetrahydro-2-oxo-6-qumolinyl)- 
piperazine 

Org30029: N-hydroxy-5,6-dimethoxy- 

benzo[b]thiophene-2-carboximidamine 

hydrochloride 

RS82856: N-cyclohexyl-N-methyl-4- 
l(l,2,3,5-tetrahydro-2-oxoimidazo{2,l-£>]- 
quinazolin-7-yl]oxy]-butan amide, 
sulphate (1:1) 

Ro20-1724: 4-[(3-butyoxy-4-methoxy- 
pheny])methylI-2-imidazolidinone 
SK&F94120: N-[4-(4,5-dihydro-5- 
oxopyrazinyl)phenyI]-acetamide 



